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Abstract 
 
The anaerobic digestion is a well-known technology to treat wastes with a high potential 
of methane recovery (i.e. manures, slaughterhouse waste, animal by-products waste and 
other types of organic wastes) even presenting a relatively high nitrogen content. 
However, wastes with high nitrogen content involve several problems on the anaerobic 
digestion process. Ammonia causes inhibition on aceticlastic methanogens but in lesser 
extend on Syntrophic Acetate Oxidation microorganisms (SAO) or on hydrogenotrophic 
methanogens. Thus, working with SAO population it is possible to avoid or to decrease 
the effects of the inhibition by ammonium. The aim of this project is to characterize a 
mesophilic anaerobic inoculum likely to have presented SAO activity, in the past, 
through methanogenic activity tests. 
 
In this study, the effect of acetate, hydrogen and ammonia concentrations on the 
methanogenic activity was elucidated in two experiments; in the first one, an anaerobic 
mesophilic inoculum was exposed to diverse concentrations of acetate and ammonia in 
presence of hydrogen, and in the second, a SAO mesophilic inoculum was exposed to a 
high ammonia and acetate concentrations. The methanogenic activities were determined 
through sequential batch experiments estimating the acetate and hydrogen consumption 
rates and also the methane production rate. After a three successive pulses of acetate 
and hydrogen during 140 days, it was observed a decrease on the hydrogenotrophic 
activity and a increase on the aceticlastic activity. According to our results and 
considering that the inoculum came from a reactor characterized by a retention time of 
65 days, fed with protein-rich wastes and operated with high content of ammonia 
nitrogen in the digester, it is possible to hypothesize that the reactor presented SAO 
activity. 
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Resumen 
 
La digestión anaerobia es una tecnología ampliamente conocida para tratar residuos con 
un elevado potencial de recuperación de metano (como lo son los purines, los residuos 
cárnicos, los subproductos animales u otros tipos de residuos orgánicos) pese a 
presentar un contenido de nitrógeno relativamente elevado. No obstante, los residuos 
con un alto contenido de nitrógeno presentan problemas en el proceso de la digestión 
anaerobia. El amoníaco causa inhibición en la población metanogénica acetoclástica y 
lo hace en menor medida sobre los microorganismos Sintróficos Oxidadores del Acetato 
(SAO) o sobre la población metanogénica hidrogenotrófica. Por lo tanto, trabajando con 
una población SAO es posible eliminar o disminuir los efectos de la inhibición por el 
amoníaco. El objetivo de éste proyecto es el de caracterizar un inóculo anaeróbico 
mesofílico, que presuntamente ha presentado actividad SAO en el pasado, mediante 
ensayos de actividad metanogénica.  
 
En este estudio se evaluó el efecto de la concentración del acetato, del hidrógeno i del 
amoníaco sobre la actividad metanogénica mediante dos experimentos; el primero 
dónde un inóculo anaeróbico mesofílico se expuso a diferentes concentraciones de 
acetato y de amoníaco en presencia de hidrógeno, y el segundo dónde un inóculo 
mesofílico SAO se expuso a elevadas concentraciones de acetato y amoníaco. Las 
actividades metanogénicas se determinaron mediante experimentos discontinuos 
simultáneos estimando las velocidades de consumo del acetato y del hidrógeno así 
cómo la velocidad de producción de metano. Después de tres alimentaciones sucesivas 
de acetato e hidrógeno, durante 140 días, se observó una disminución de la actividad 
hidrogenotrófica así como un aumento en la actividad acetoclástica. Según nuestros 
resultados y considerando que el inóculo procedía de un reactor caracterizado por un 
tiempo de retención de 65 días, alimentado con residuos ricos en proteína y operado a 
elevadas concentraciones de amonio, es posible hacer la hipótesis de que el reactor 
presentaba actividad SAO.  
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Resum 
 
La digestió anaeròbia és una tecnologia àmpliament coneguda per al tractament de 
residus amb un elevat potencial de recuperació de metà (com ho són els purins, els 
residus carnis, els subproductes animals o altres tipus de residus orgànics), tot i que 
presentin un contingut de nitrogen relativament elevat. No obstant, els residus amb un 
alt contingut de nitrogen presenten problemes pel procés de la digestió anaeròbia. 
L’amoníac causa inhibició a la població metanogènica acetoclàstica i ho fa en menor 
proporció sobre els microorganismes Sintròfics Oxidadors de l’Acetat (SAO) o sobre la 
població metanogènica hidrogenotròfica. Per tant, treballant amb una població SAO és 
possible eliminar o disminuir els efectes de la inhibició per l’amoníac. L’objectiu 
d’aquest projecte és el de caracteritzar un inòcul anaeròbic mesofílic, que 
presumptament ha presentat activitat SAO en el passat, mitjançant assaigs d’activitat 
metanogènica.  
 
En aquest estudi es va avaluar l’efecte de la concentració de l’acetat, de l’hidrogen i de 
l’amoníac sobre l’activitat metanogènica mitjançant dos experiments: el primer, on un 
inòcul anaeròbic mesofílic va ser exposat a diferents concentracions d’acetat i 
d’amoníac en presència d’hidrogen, i el segon, on un inòcul mesofílic SAO es va 
exposar a concentracions elevades d’acetat i amoníac. Les activitats metanogèniques 
van ésser determinades mitjançant experiments discontinus simultanis estimant les 
velocitats de consum d’acetat i d’hidrogen així com la velocitat de producció de metà. 
Després de tres alimentacions successives d’acetat i d’hidrogen, durant 140 dies, es va 
observar una disminució de l’activitat hidrogenotròfica així com un augment en 
l’activitat acetoclàstica. Segons els nostres resultats i considerant que l’inòcul procedia 
d’un reactor caracteritzat per un temps de retenció de 65 dies, alimentat amb residus rics 
en proteïnes i operant a elevades concentracions d’amoni, es possible fer l’hipòtesi de 
que el reactor presentava activitat SAO.  
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Nomenclature 
 
Ac   acetate 
Bu   butyrate 
Cp   caprionate 
COD   chemical oxygen demand 
CODt   total chemical oxygen demand 
CODs   soluble chemical oxygen demand 
CODH/ACS  carbon monoxide dehydrogenase/acetyl-CoA synthase 
CSTR   continuous stirred-tank reactor 
FA   free ammonia 
GHG   greenhouse gas 
HACS   high ammonia concentration substrate 
He   heptanate 
IHT   interspecies hydrogen transfer 
LCFA   long-chain fatty acids 
MA   methanogenic activity 
N-NH4⁺   ammonium nitrogen 
N-NH3   ammonia nitrogen 
Norg   organic nitrogen 
Nk   Kjeldhal nitrogen 
Pro   propionate 
17 
 
 
 
SAO   syntrophic acetate oxidation  
SAOB   syntrophic acetate-oxidizing bacteria 
SBE   simultaneous batch experiments 
TAN   total ammonia nitrogen 
TKN   total Kjeldhal nitrogen 
TS   total solids 
TSS   total suspended solids 
Va   valerate 
VFA   volatile fatty acids 
VS   volatile solids 
VSS   volatile suspended solids 
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1. Introduction and objectives 
 
1.1. Context 
 
Fossil fuels are leaders in the current energy crisis because they are a limited source, 
which leads to the increase in crude oil prices. This premise leads society to seek 
economically competitive renewable technologies to manage resources more efficiently. 
In this search for renewable energies, the aggravation of greenhouse effect caused by 
anthropogenic emissions is also involved, mainly from the use of fossil fuels (Appels et 
al., 2011). Therefore, it is clear that renewable energy will play a key role in the near-
term future, because its capability to produce minimum secondary waste, (in addition to 
other positive attributes such as being sustainable, globally available and easy to 
exploit) and to meet the growing demand for energy. In 2004, renewable energy 
accounted for over 15% of world primary energy supply (Affes, 2013), including 
biomass, hydropower, geothermal, solar, wind and marine energies. Particularly, the 
potential contribution of anaerobic digestion to greenhouse gas (GHG) reduction has 
been computed for the 27 EU countries on the basis of their 2005 Kyoto declarations 
and using life cycle data. This study shows that biogas may considerably contribute to 
GHG emission reductions in particular if used as a biofuel.  Biogas has the potential of 
covering almost 50% of the 2020 biofuel target of 10% from all automotive transport 
fuels (Tilche and Galatola, 2008). 
 
Within this scenario, the anaerobic digestion process could be considered one of the 
most environmentally friendly technologies to produce energy in addition to revalue 
organic waste.  Anaerobic digestion is a complex biological process in which organic 
matter is degraded by the action of microorganisms in absence of oxygen. This process 
is performed through a serial of biological reactions involving different groups of 
microorganisms. 
 
The most interesting product of this process is biogas, which is composed mainly of 
methane (CH4) 40-70%, carbon dioxide (CO2) 30-60%, and other gases 1-5%. Thus, 
19 
 
 
 
biogas has a calorific power of about 16-20 MJ m
-3
 (Kurchania et al., 2010), while it is 
very useful to storage, to transport and to produce heat and energy.  
 
In this context, anaerobic digestion is a well-known technology to treat wastes with a 
high potential of methane recovery (i.e. manures, slaughterhouse waste, animal by-
products waste and other types of organic wastes) even presenting a relatively high 
nitrogen content. Significant pollution concerns related to the presence of nitrogenous 
waste include dissolved oxygen depletion, toxicity and eutrophication (Gerardi 2002, 3). 
However, waste with high nitrogen content cause several problems on anaerobic 
digestion. Ammonia causes inhibition on aceticlastic methanogens but in lesser extend 
on Syntrophic acetate oxidation microorganisms (SAO) or on hydrogenotrophic 
methanogens. Thus, working with population SAO it is possible to avoid or to decrease 
the effects of inhibition by ammonium (Schnürer et al., 1999). The aim of this project is 
to characterize an anaerobic inoculum likely to have presented SAO activity, in the past, 
through methanogenic activity tests. 
 
1.2. Current status of methane production through anaerobic digestion in Europe 
 
Biogas industry has shown a remarkable growth over the past decade, contributing with 
10 million tones oil equivalent (toe) of primary energy to the European Union energy 
balance. The following Tables give information about the primary energy production of 
biogas in Europe (Table 1.1) and the gross electricity production from biogas in Europe 
(Table 1.2). 
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Table 1.1. Primary energy production of biogas in the European Union in 2010 and 
2011* (in ktoe) (Biogas Barometer, 2012).*: estimated values. 
2010 2011 
Country 
Landfill 
gas 
Sewage 
sludge 
gas 
Other 
biogas(1) 
Total 
Landfill 
gas 
Sewage 
sludge 
gas 
Other 
biogas(1) 
Total 
Germany 232.5 402.6 6034.5 6669.6 149.0 504.2 4414.2 5067.6 
United 
Kingdom 
1492.6 258.0 0.0 1750.6 1482.4 282.4 0.0 1764.8 
Italy 349.6 8.1 149.8 507.5 755.6 16.2 323.9 1095.7 
France 236.7 44.1 53.2 334.0 249.7 41.9 58.0 349.6 
Netherlands 36.7 50.2 206.5 293.4 31.5 51.5 208.3 291.3 
Czech Republic 29.5 35.9 111.3 176.7 31.8 38.8 179.9 249.6 
Spain 119.6 12.4 66.7 198.7 148.1 15.3 82.6 246.0 
Austria 5.1 22.3 144.2 171.6 4.3 16.4 138.8 159.5 
Poland 43.3 63.3 8.0 114.6 47.5 67.8 20.1 135.4 
Belgium 41.9 14.6 70.9 127.4 41.9 14.6 70.9 127.4 
Sweden 35.7 60.7 14.8 111.2 12.4 68.9 37.9 119.3 
Denmark 8.1 20.1 74.0 102.2 5.2 19.6 73.2 98.1 
Greece 51.7 15.0 1.0 67.7 55.4 16.1 1.4 72.8 
Ireland 44.2 9.6 4.6 58.4 43.8 8.2 5.6 57.6 
Slovakia 0.8 9.5 1.8 12.2 3.0 13.6 29.3 45.8 
Portugal 28.2 1.7 0.8 30.7 42.3 1.8 0.9 45.0 
Finland 22.7 13.2 4.5 40.4 23.9 13.4 4.8 42.0 
Slovenia 7.7 2.8 19.9 30.4 7.1 2.7 26.2 36.0 
Hungary 2.6 12.3 19.3 34.2 7.3 6.4 15.5 29.1 
Latvia 7.9 3.3 2.2 13.3 7.8 2.4 11.8 22.0 
Luxembourg 0.1 1.2 11.7 13.0 0.1 1.4 11.3 12.8 
Lithuania 2.0 3.0 5.0 10.0 5.9 3.1 2.1 11.1 
Estonia 2.7 1.1 0.0 3.7 2.2 1.1 0.0 3.3 
Romania 0.0 0.0 3.0 3.0 0.0 0.0 3.0 3.0 
Cyprus 0.0 0.0 1.0 1.0 0.0 0.0 1.0 1.0 
European Union 2801.7 1065.0 7008.8 10875.4 3157.9 1208.0 5719.3 10085.8 
(1): Decentralized agricultural plant, municipal solid waste methanisation plant, 
centralized co-digestion plant. 
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Table 1.2. Gross electricity production from biogas in the European Union in 2010 and 
2011 (in GWh) (Biogas Barometer, 2012). 
2010 2011 
Country 
Electricity only 
plants 
CHP(1) plants Total 
Electricity 
only plants 
CHP(1) plants Total 
Germany 14847.0 1358.0 16205.0 10935.0 8491.0 19426.0 
United Kingdom 5137.0 575.0 5712.0 5098.0 637.0 5735.0 
Italy 1451.2 602.9 2054.1 1868.5 1536.2 3404.7 
France 756.0 297.0 1053.0 780.0 337.0 1117.0 
Netherlands 82.0 946.0 1028.0 69.0 958.0 1027.0 
Spain 536.0 117.0 653.0 709.0 166.0 875.0 
Czech Republic 361.0 275.0 636.0 535.0 394.0 929.0 
Austria 603.0 45.0 648.0 555.0 70.0 625.0 
Belgium 149.0 417.0 566.0 158.0 442.0 600.0 
Poland 0.0 398.4 398.4 0.0 430.0 430.0 
Denmark 1.0 352.0 353.0 1.0 342.0 343.0 
Ireland 184.0 22.0 206.0 181.0 22.0 203.0 
Greece 190.5 31.4 221.9 37.6 161.7 199.3 
Hungary 75.0 21.0 96.0 128.0 55.0 183.0 
Portugal 90.0 11.0 101.0 149.0 11.0 160.0 
Slovenia 7.2 90.2 97.4 5.7 121.0 126.7 
Slovakia 1.0 21.0 22.0 39.0 74.0 113.0 
Latvia 5.9 50.8 56.7 0.0 105.3 105.3 
Finland 51.5 37.8 89.2 53.6 39.4 93.0 
Luxembourg 0.0 55.9 55.9 0.0 55.3 55.3 
Lithuania 0.0 31.0 31.0 0.0 37.0 37.0 
Sweden 0.0 36.4 36.4 0.0 33.0 33.0 
Romania 0.0 1.0 1.0 0.0 19.1 19.1 
Estonia 0.0 10.2 10.2 0.0 17.0 17.0 
European Union 24528.2 5803.0 30331.2 21302.4 14554.1 35856.4 
(1): CHP means Combined Heat and Power (cogeneration of heat and electricity). 
 
As can be seen in Table 1.1, Germany is the main producer in Europe, reaching another 
record year in 2011 during when they commissioned 1310 new biogas plants (anaerobic 
digesters), according to the German biogas association (Fachverband Biogas), and in 
doing so took up the count to 7215 plants and a total capacity of 2904 MW (Biogas 
Barometer, 2012). In 2010 biogas electricity output was ahead of schedule with an 
output measured at 30.3 TWh compared to the 28.7 TWh target (Biogas Barometer, 
2012). 
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The most promising countries are France, Italy, Spain, Poland, Czech Republic and 
Hungary followed by Denmark, Finland, the Netherlands, Estonia and Romania (Biogas 
Barometer, 2012). One of the keys to the sector’s future growth will be improving the 
energy efficiency of biogas units. Until recently, the sector’s growth was largely driven 
by incentives linked to electricity production while thermal uses were relegated to a 
secondary place. However, this type of growth is considered to be unsustainable in the 
long term. 
 
While animal manure has a high buffer capacity, despite its low methane production 
potential and high ammonium content, some industrial organic waste present the 
opposite characteristics. Thus, the anaerobic digestion of mixtures of both substrates is 
in many cases the way to achieve a high biogas production while maintaining a stable 
process. This practice, named codigestion, consists on mixing wastes with 
complementary compositions in order to implement economically feasible plants, to 
unify management methods and to optimize investment costs (Flotats and Sarquella, 
2008), and it is the base concept of the centralized biogas plants in Denmark.  The 
codigestion practice implies to design the biogas plant for accepting organic wastes 
from diverse origins when necessary, with different compositions, usually with some of 
them with high ammonia contents or other inhibitors content, using high hydraulic 
retention time (two months or more) for ensuring digestion stability and acclimation to 
potential inhibitors. These conditions favour the growth of microbial populations with 
extremely low growth constant values, such as SAO bacteria. 
 
The new biogas plants operating in Catalonia follow the general trends explained above.  
In fact, the inoculum used in the present work was taken from a mesophilic anaerobic 
digestion plant in Vila-Sana, characterized by a retention time of 65 days, fed with 
protein-rich wastes and operated with high content of ammonia nitrogen in the digester.  
 
This plant is susceptible to operate with SAO microorganisms, being capable to produce 
methane without significant impact of free ammonia as inhibitor. The question that 
arises is whether SAO activity can be detected using classical methanogenic activity 
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tests, using ammonia nitrogen concentrations in the usual range of biogas plants. The 
present work will try to answer the question posed above.  
 
1.3. Objectives 
 
The objective of the present work is to apply successive methanogenic activity tests, 
known as methanogenic aceticlastic and hydrogenotrophic activity tests, in order to 
characterize an anaerobic inoculum likely to have presented SAO activity in the past. 
  
If conditions of the anaerobic digester prompted SAO activity, this means that 
aceticlastic methanogens were not favored in the past and successive methanogenic 
activity test with low ammonia concentration will indicate an increasing activity, since 
the new conditions applied will increase these microorganisms concentration. 
Contrarily, the hydrogen consumption rate will decrease in the successive activity tests, 
since the favored new pathway for methanogenesis will no produce hydrogen and 
hydrogenotrophic methanogens will not have enough substrate for its growth.  
 
Chemical Oxygen Demand (COD) balance will help to elucidate whether initial COD is 
fully converted to methane or the stress prompted by the activity tests will modify the 
usual metabolic pathways.  
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2. Anaerobic digestion 
 
2.1. Anaerobic digestion stages 
 
The microbiological, biochemical and kinetic aspects are the key to comprehend the 
anaerobic digestion process. This process takes place through 4 different stages (Figure 
2.1), in which the product of one stage serves as a substrate for the next (Flotats, 2013). 
In these stages, a series of parallel and sequential biological reactions involving several 
groups of microorganisms can be observed. 
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 Figure 2.1. Schematic representation of the anaerobic digestion process (Flotats, 2013). Numbers, adapted from Batstone et al., (2002), indicate 
COD flux of materials.
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At the beginning of the process, the particulate organic matter -also known as complex 
organic matter- (lipids, carbohydrates and proteins) is hydrolyzed by hydrolytic-
fermentative bacteria into their monomer or dimeric components (long-chain fatty acids, 
sugar and amino acids). The resulting sugars, long-chain fatty acids (LCFA) and amino 
acids are then used by fermentative bacteria to obtain the energy they need for growth 
(acidogenesis). The byproducts volatile fatty acids (VFA) and alcohols are subsequently 
and partially oxidized by other fermenting bacteria (acetogenesis), producing hydrogen 
(H2) and acetate (Ac). Finally, Archea methanogens consume hydrogen and acetic acid 
(methanogenesis), to convert them into methane (CH4) and carbon dioxide (CO2) 
(Angelidaki et al., 1999; Batstone et al., 2002). The following points briefly describe 
the main stages of the process. 
 
2.1.1. Hydrolysis 
 
Hydrolysis is considered the first reaction in the anaerobic digestion process. It consists 
in the disintegration and hydrolysis of complex organic polymers such as proteins, 
lipids and carbohydrates into soluble compounds (LCFA, amino acids and simply 
sugars) that can pass throw the cell membrane (Batstone et al., 2000).Those 
macromolecules need extracellular enzymes (lipases, proteases and cellulases) to be 
hydrolyzed. The enzymes are firstly excreted by hydrolytic fermentative bacteria before 
being transported through the cell membrane.  
 
There are several factors that can affect the hydrolysis rate, such as pH, temperature, 
hydrolytic biomass concentration, particle size and subtract composition (Lettinga, 
1996). Too many genera of microorganisms are involved on this stage as, for example, 
Propionibacterium, Bacteroides, Lactobacillus, Sporobacterium, Megasphaera, 
Sphingomonas and Bifidobacterium (Deublein and Steinhauser, 2011).  In the case of 
complex substrate, hydrolysis can be the rate-limiting step in the whole anaerobic 
digestion process (Vavilin et al., 2008).  Thus, some studies show an increasing on 
hydrolysis rate applying pre-treatments to decrease the particle size. On the other hand, 
generally the hydrolysis rate increases while increasing temperature (Pavlostathis & 
Giraldo-Gomez, 1991). 
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2.1.2. Acidogenesis 
 
In this stage, the hydrolysis products are transformed without an external electron 
acceptor, (i.e., amino acids, sugars, LCFA and glycerol are converted into VFA and 
alcohols). The main by-product of acidogenesis stage is acetic acid, but there are 
another intermediates like valeric, propionic and butyric acids (Yu & Fang, 2002) that 
might cause inhibition if acetogenic and methanogenic populations do not degrade those 
intermediates and they accumulate (Batstone et al., 2003). Therefore, the levels of VFA 
accumulated are reported to be indicators of a possible process unbalance.  
 
In general, the acidogenic population represents about 90% of the total microbial 
community present in the anaerobic digester. These microorganisms have a short 
doubling time and therefore acidogenesis is usually considered as the fastest reaction in 
the anaerobic digestion process (Mosey, 1983). Thus, the acidogenesis is not normally 
considered a limiting step in the global anaerobic digestion process.  
 
2.1.3. Acetogenesis 
 
During the acetogenesis stage, the intermediates generated from the acidogenesis stage 
are oxidized to H2, CO2 and Ac, being latter the substrate of methanogenic 
microorganisms.  This stage is conducted by the proton-reducing acetogenic bacteria. A 
low hydrogen partial pressure is needed to carry out these reactions in order to preserve 
favorable thermodynamics conditions for the conversion of VFAs to acetate and H2.  
 
Syntrophic association with hydrogenotrophic methanogenesis is responsible for 
fulfilling this condition keeping the hydrogen partial pressure at low levels and allowing 
Syntrophic acetogenesis to be active. This is because in absence of Syntrophic 
association the reaction is unfavorable (positive Gibbs free energy values, AGº’).  
The complete conversion of the substrates only proceeds when hydrogen partial 
pressure in the medium is kept low to yield a negative ΔGº' value, achieved by this 
Syntrophic association.  
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The most common representatives of this group belong to the following orders: 
Syntrophomonas, Syntrophobacter, Clostridium and Acetobacterium (Hattori, 2008).  
When hydrogen is not consumed, the acetogenesis step could be inhibited, causing an 
accumulation of VFA, lowering the pH and, thus, causing the consequent inhibition of 
methanogenesis. 
 
2.1.4. Methanogenesis 
 
Methanogenesis step is the final stage of the anaerobic digestion process. In this step, 
end-products of the previous reactions such as acetic acid, hydrogen, carbon dioxide, 
formic acid, methanol, methylamines and carbon monoxide are further converted into 
CH4 /CO2 by methanogenic archaea. This process mainly occurs through two different 
metabolic pathways: aceticlastic (reaction 1, Table 2.1), where the methane-forming 
microorganisms produce methane from acetate or methanol, and hydrogenotrophic, 
which produce methane from hydrogen and carbon dioxide. 
 
The methanogens are the most sensitive group of microorganisms in the anaerobic 
digestion process. They could be classified in one of these orders: Methanobacteriales, 
Methanomicrobiales, Methanosarcinales, Methanococcales and Methanopyrales 
(Garrity & Holt, 2001), having the microorganisms of the order Methanosarcinales the 
widest range of substrate utilization.  
 
This taxonomic group is divided into two families, Methanosarcinaceae and 
Methanosaetaceae. Methanosaeta may have lower yields and be more sensitive to pH 
compared to Methanosarcina.  Methanosarcina has a higher growth rate, while 
Methanosaeta need higher solids retention times but can operate at lower acetate 
concentrations (De Lemos, 2007), because it has a higher affinity for the substrate 
(Deublein & Steinhauser, 2011). The acetate-utilizing methanogens have been 
suggested to be responsible for 70-80% of the methane produced (Zinder, 1984).  
 
But despite being the most important way, only organisms of the genera 
Methanosarcina and Methanothrix are capable of producing methane from acetate. The 
genera most frequently determined of hydrogenotrophic bacteria are Methanobacterium, 
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Methanoculleus and Methanospirillum (Hori et al., 2006). Methanogenesis could also 
be considered limiting in not too complex wastes. 
 
There is another alternative way to produce methane, which is activated at high levels of 
ammonium (Schnürer & Nordberg, 2008). The acetate is converted to hydrogen and 
carbon dioxide by Syntrophic Acetate Oxidizers (SAO) (reaction 2, Table 2.1), 
followed by carbon dioxide reduction by methanogens using hydrogen (reaction 3, 
Table 2.1).  The development of SAO community occurs when ammonium 
concentrations reach inhibitory values for the acetate-utilizing methanogens (Ek et al., 
2010). The generation time of these oxidizers is approximately 28 days (Schnürer et al., 
1994) much longer than the 2-12 days for aceticlastic methanogens (Jetten et al., 1992). 
 
Table 2.1. Reactions involved in acetate and hydrogen metabolism.  
Process Reaction 
ΔG⁰’ (kJ mol
-1
) 
(1) Aceticlastic methanogenesis CH3COO⁻ + H2O → CH4 + HCO3⁻ -31.0 
(2) Syntrophic Acetate Oxidation CH3COO⁻ + 4H2O → 2HCO3⁻ + 4H2 + H⁺ +104.6 
(3) H2-consuming methanogenesis 4H2 + HCO3⁻ + H⁺→ CH4 + 3H2O -135.6 
(4) Sum (2) + (3) CH3COO⁻ + H2O → HCO3⁻ + CH4 -31.0 
(5) H2-consuming acetogenesis 4H2 + 2HCO3⁻ + H⁺→ CH3COO⁻ + 4H2O -104.6 
 
 
2.2. Ammonia inhibition 
 
The biological degradation of organic nitrogenous matter produces ammonia. Thus, 
ammonia inhibition is a critical problem for the digestion of HACS (High Ammonia 
Concentration Substrates) like swine or poultry manure, with normally ammonia 
concentrations higher than 4 g NH4⁺-N L
1
 (Hansen et al., 1998).   
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The amount of ammonia generated through anaerobic biodegradation of organic 
substrate can be calculated according the stoichiometric relationship from 
Tchobanoglous et al., 1993. 
 
         
          
 
     
          
 
     
          
 
          (2.1) 
 
Ammonium ion (NH4⁺) and free ammonia (FA, NH3) are the main forms of inorganic 
ammonia nitrogen in aqueous solution. Inhibition is usually indicated by a decrease of 
the steady-state rate of methane gas production and accumulation of organic acids.  
There are several mechanisms for ammonia inhibition, such as a change in intracellular 
pH, increase of maintenance energy requirement, and inhibition of specific enzyme 
reaction (Chen et al., 2008). 
 
Several studies have suggested FA, also named unionized ammonia, as the main cause 
of inhibition because it is freely membrane-permeable (Chen et al., 2008). Wiegant & 
Zeeman, (1986) propose a scheme of the ammonia inhibiting action (Figure 2.2). 
 
NH3/NH4⁺ 
 
H2 + CO2      CH4 
   
      CH3CH2COO⁻           CH3COO⁻ + 3H2 + CO2 
 
                                 CH3COO⁻   CH4 + CO2 
Figure 2.2.  Proposed scheme for the inhibiting action of ammonia. Horizontal arrows: 
inhibited reactions; vertical arrows: inhibition action. Possible inhibiting actions are 
dotted. From Wiegant & Zeeman, (1986). 
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 It has been suggested that the interaction between FA, VFA and pH will lead to an 
“inhibited steady state”, which is a condition where the process is stable but with a 
lower methane yield. This has been shown to happen with HACS (Angelidaki & 
Ahring, 1993).  
 
Methanogens are the most sensitive anaerobic microorganisms to ammonia inhibition, 
starting this inhibition at concentrations of 1.5-2.5 g NH4⁺-N L⁻
1
 (Hansen et al., 1998), 
while the acidogenic population is hardly affected under concentrations of 4.1-5.7 g 
NH4⁺-N L⁻
1
 (Chen et al., 2008). In literature there are a wide variety of opinions about 
the sensitivity of aceticlastic and hydrogenotrophic methanogens. 
 
Among the methanogenic strains commonly isolated from sludge digesters, (i.e. 
Methanospirillum hungatei, Methanosarcina barkeri, Methanobacterium 
thermoautotrophicum, and Methanobacterium formicicum), Methanospirillum hungatei 
is the most sensitive, being inhibited at 4.2 g NH4
+
-N L⁻1; the other three strains tested 
were resistant to ammonia levels higher than 10.0 g NH4
+
-N L⁻1 (Jarrell et al., 1987). In 
the following points the main factors that affect ammonia inhibition and some methods 
to counteract it will be presented.  
 
2.2.1. Concentration  
 
Nitrogen is an essential nutrient for anaerobic microorganisms, but there is an edge   
concentration above which nitrogen causes inhibition of anaerobic digestion process. 
An important parameter to determine ammonia inhibition is the inhibition constant, 
which is the concentration value by which methane production decreases by half, named 
Ki50 (Table 2.2).  
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Table 2.2. Ki50 values for NH3 and for NH4⁺. 
Asterisks (*) are data approximation obtained by applying noncompetitive inhibition 
equation.  
 
In the literature wide ranges of inhibiting ammonia concentrations to anaerobic 
digestion process are reported, with the TAN concentration ranging from 0.5 to 11.8 g 
NH4⁺-N L⁻
1
 (Table 2.3). These significant differences on inhibiting ammonia 
concentrations reported in the literature may be due to the environmental conditions 
(pH, temperature), acclimation periods and the differences in inocula and substrates.   
Reference T(⁰C) Ki50 NH3-N (g L⁻
1) Ki50  NH4⁺-N (g L⁻
1) 
Gallert & Winter, 1997 
37 
55 
0.22-0.28 
0.69-0.68 
3.00-3.70 
3.50-3.40 
Poggi-Varaldo et al., 1997 39 - 2.30 
Gallert et al., 1998 55 0.25 1.83 
Niu et al., 2013 55 2.07 4.91 
Flotats et al., 2003 55 0.26 - 
Angelidaki & Ahring, 1993* 55 2.70 - 
Sung & Liu, 2003* 55 - 3.24 
Bastonte et al., 2002 
35 
55 
0.31 
0.19 
- 
- 
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Table 2.3 Collection of threshold values causing total ammonium inhibition and edge values where ammonium inhibition begins both on 
acclimatized 
•
 and unacclimatized
◊
 methanogenic population. 
 
Reference 
Ammonium [NH4⁺-N] 
(g L⁻1) Microbe population 
Ammonium [NH4⁺-N] 
(g L⁻1) Microbe population 
Threshold values Edge values 
Fotidis et al., 2013 5.00
• 
Methanoculleus spp
• 
3.00
• 
Methanoculleus spp
• 
Nordell et al., 2013 5.60
• 
SAO (C.ultunence) and 
Syntrophaceticus schinkii 
• 
2.00
• 
SAO (C.ultunence) and 
Syntrophaceticus schinkii 
• 
Karakashev et al., 2006 5.60
◊ 
Methanomicrobiales and 
Methanosarcinaceae (SAO)
◊ 
0.50
◊ 
Methanosaetaceae (not observed) 
◊ 
Sung & Liu, 2003 5.77
• 
- 1.20
• 
- 
Schnürer & Nordberg, 2008 6.90
• 
SAO
• 
1.90
• 
SAO
• 
Fotidis et al., 2012 
7.00
◊ 
7.00
• 
Methanosarcinaceae spp
◊ 
SAO
• 
3.00
◊ 
5.00
• 
Methanosarcinaceae spp
◊ 
SAO
•
 
Hansen et al., 1998 8.10
• 
- 3.10
• 
- 
Koster & Lettinga, 1987 11.83
• 
- 2.29
• 
- 
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2.2.2. Temperature 
 
Temperature affects directly the microbial growth rate and FA concentration. When 
temperature increases, the microbial growth rate become higher and favors the 
anaerobic digestion process. Also when temperature increases FA concentration 
becomes higher but conversely to growth rate, an increase on FA concentration is 
harmful to anaerobic digestion process as mentioned above (Figure 2.3).  
 
Reviewing the literature, there are many opinions concerning which operation 
temperature affects more to ammonia inhibition. Some authors reported ammonia 
inhibition on thermophilic temperatures (55 ºC) at 13.00 g NH4⁺-N L⁻
1
 (Sung & Liu, 
2003). On the other hand, different authors reported that operating at mesophilic 
temperatures (30 ºC) anaerobic digestion process can work under concentration of 11.83 
g NH4⁺-N L⁻
1
 (Koster & Lettinga, 1988). Therefore it is clear that depending on the 
particular conditions of each case, it will be better to operate under a given regime or 
another.  
 
 
Figure 2.3. Free ammonia percentage in solution at 20, 35 and 55 ºC and varying pH 
(adapted from Rajagopal et al., 2013). 
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2.2.3. pH 
 
As well as temperature, pH affects directly the TAN composition and the microbial 
growth rate. But it not only affects the FA concentration, pH also controls the physic- 
chemical equilibria of the anaerobic digestion process (Figure 2.4). 
  
                                                                
 
 
                                     CO2 (aq) + H2O   HCO3⁻ + H⁺          
         HAc   Ac⁻ + H⁺                                
        NH4⁺   NH3 + H⁺                              
Figure 2.4.Relevant physic-chemical equilibria, adapted from Batstone et al., (2002). 
 
In aqueous phase an equilibrium exist among ammonium ion (NH4⁺[aq]), free 
ammonia (NH3[aq]) in solution, ammonia (NH3[g]) in the gas phase, hydrogen ion (H⁺) 
and hydroxyl ion (OH⁻). The [ammonium]/[ammonia] ratio is pH dependent. A pH 
value measures the hydrogen ion and hydroxyl ion concentrations, and also determines 
the composition of total ammonia nitrogen (TAN). While the ammonium and 
hydrogen ions are the major species at lower pH values, the ammonia and hydroxyl 
ions become dominant at higher pH. Even though there are several inhibitory species 
involved, the composition of each species can be uniquely determined at a TAN 
concentration by a given pH and temperature values. 
 
As we mentioned above (section 2.2.Ammonia inhibition) FA has been suggested to be 
the  actual  toxic  agent,  and  therefore  an  increase  in  pH  means  a  higher  toxicity. 
Process instability due to ammonia often results in volatile fatty acids (VFAs) 
accumulation, which again leads to a decrease in pH and thereby to a decline of FA 
concentration.   
CO2 (gas) 
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The  interaction  between  FA,  VFAs  and  pH  may  lead  to  an ‘‘inhibited steady 
state’’, a condition where the process is running stably but with a lower methane 
yield (Angelidaki & Ahring, 1993). It should also be noted that both methanogenic 
and acidogenic microorganisms have their optimal pH. Failing to maintain pH within 
an appropriate range could cause reactor failure although ammonia is under a safe 
level. 
 
2.2.4. Presence of other ions 
 
There is a phenomenon where certain ions such as Na
+
, Ca
2+ and Mg
2+ act as 
antagonistic to ammonia inhibition counteracting the toxicity of one ion by the presence 
of other ion(s) (Chen et al., 2008). Krylova et al., (1997) reported that the addition of 10 
% (w/v) phosphorite stimulates biogas generation at 30 g NH4Cl L
-1
. This stimulation 
effect of phosphorite can be partially attributed to the immobilization of the biomass on 
mineral particles, which prevented biomass washout from the reactor.  
 
2.2.5. Acclimation 
 
Acclimation plays a key role in the degree of ammonia inhibition. The adaptation may 
be the result of internal changes in the predominant species of methanogens, or of a 
shift in the methanogenic population (Chen et al., 2008). This  implies  that  once 
acclimated,  microorganisms  can  withstand  significantly  higher  concentrations  than 
initial  inhibitory  concentration. Koster & Lettinga, (1988) reported that ammonia 
inhibition occurs at 1.70-2.00 g NH4
+
- N L
-1
 for unacclimated mesophilic methanogens, 
while this occurs at 11.83 g NH4
+
- N L
-1
 for acclimated mesophilic methanogens. In 
case of operate under thermophilic conditions, Sung & Liu, (2003) observed that 
ammonia inhibition occurs at about 4.92-5.77 g NH4
+
- N L
-1
 and 13.00 g NH4
+
- N L
-1
 
for unacclimated and acclimated methanogens, respectively. After a lag period the 
inhibition can be partly or completely overcome, and thus the process can recover 
(Schnürer et al., 1999).  
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So, it is clear that acclimation process is a powerful tool against ammonia inhibition in 
reactors treating HACS, achieving work exceeding 5.00 g NH4
+
- N L
-1
 after an initial 
adaptation period. However, the methane yield was lower than that for reactors with a 
lower ammonia load (Koster & Lettinga, 1988). Noting the bibliographic review made 
in this paragraph and in the section (2.2.1.Concentration), it can be observed a wide 
range of opinion concerning the limit concentration which can tolerate the 
methanogenic population, and therefore it is not clear where it begins the acclimation 
process.   
 
2.2.6. Methods to counteract ammonia inhibition 
 
It can be employed two physical-chemical methods to remove ammonia from the 
substrate: air stripping and chemical separation. Both methods have been proven to be 
technically feasible at high ammonia concentrations and in a complex wastewater 
matrix (Chen et al., 2008). Another method to counteract ammonia inhibition is 
increasing  the  C/N ratio,  but  it  must  lead  to higher  inhibition  because  of  
organic overload. So, these physical-chemicals methods to counteract ammonia 
inhibition are time-consuming and cost-expensive (Fotidis et al., 2012). 
A common approach to ammonia inhibition relies on dilution with water or lowering 
the operation temperature of bioreactor, but it could decrease seriously the biogas 
production (Nielsen & Angelidaki, 2008). Various types of inhibition can be 
counteracted by increasing the biomass retention in the reactor. It was found that the 
methane yield in a continuous stirred-tank reactor (CSTR) could be increased by 
switching off the stirrer half an hour before and after substrate addition. This operation 
increased biomass retention due to improved sedimentation resulting in an effluent 
with a reduced concentration of biomass solids.  
This method, where particles within the reactor were allowed to settle, was promising 
since it was easy and economical to achieve (Hansen et al., 1998). Another 
methodology to decrease ammonia inhibition and also make the process more stable is 
immobilize the microorganisms with different types of inert material (activated carbon, 
zeolite, clay) (Chen et al., 2008), as it was explained above (section 2.2.4 Presence of 
other ions) using phosphorite or to prevent biomass washout from the reactor.  
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3. S y n t r o p h i c  a c e t a t e  o x i d a t i o n  
 
Acetate is the main precursor for methane production during anaerobic digestion of 
organic matter. There are two processes for methanogenesis from acetate, being the first 
one aceticlastic methanogenesis (reaction 1, Table 2.1) which we explained on section 
2.1.4 Methanogenesis. The second one is a dual reaction process: Syntrophic Acetate 
Oxidation (reaction 2, Table 2.1) coupled to hydrogenotrophic methanogenesis (reaction 
3, Table 2.1). As its names implies, Syntrophic Acetate Oxidation consists on the 
oxidation of methyl and carboxyl groups of acetate to CO2 producing H2. This reaction 
is catalyzed by the Syntrophic Acetate-Oxidizing Bacteria (SAOB).  
 
SAO pathway has been reported for natural anoxic environments in subtropical lake 
sediments at temperatures as low as 15 °C (Karakashev et al., 2006), acidic peat (Horn 
et al., 2003), oil reservoirs (Gray et al., 2011), soil (Chauhan & Ogram, 2006) and rice 
field soil (Rui et al., 2011). 
 
3.1. Syntrophic acetate-oxidizing bacteria 
 
Up to now, three mesophilic: Clostridium ultunense strain BST (Schnurer et al., 1996), 
Syntrophaceticus schinkii (Westerholm et al., 2010) and Tepidanaerobacter 
acetatoxydans (Westerholm et al., 2011) and three thermophilic: strain AOR (Lee & 
Zinder, 1988), Thermacetogenium phaeum strain PB (Kamagata & Mikami, 1989) and 
Thermotoga lettingae strain TMO (Balk et al., 2002), Syntrophic Acetate-Oxidizing 
bacteria have been reported. We can see in Table 6 the main characteristics of these 
strains. 
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Table 3.1. Characteristics of pure cultures of the Syntrophic Acetate-Oxidizing bacteria which can oxidize acetate in Syntrophic associations with 
hydrogen-consuming methanogens (adapted from Hattori, 2008).  
Characteristics Strain AOR T.phaeum strain PBT C.ultunense strain BST T.lettingae strain TMOT 
S. schinkii strain 
Sp3T 
T.acetatoxydans strains 
Re1T, Re2, T1 and T2 
Morphology Rod Rod Rod 
Rod (surrounded by a sheath-like 
outer structure) 
straight or 
slightly 
curved rods 
Rod 
Cell size (µm) 0.4-0.6x2-3 0.4-0.7x2-12.6 0.5-0.7x0.5-7 0.5-1x2-3 2-5x0.5-0.7 
2-10x0.3-0.6 
 
Spore formation - + + - + + 
Gram type Positive Positive Positive Negative Variable  
Optimum temp (⁰C) 60 58 37 65 37 37 
Optimum pH ND 6.8 7 7 ND ND 
Acetogenesis from H2/CO2 + + + -   
Syntrophic acetate 
oxidation 
+ + + + + + 
Doubling time (h): 
in Syntrophic coculturea 
in pure culture 
30-40 (with 
acetate) 
12 (with 
H2/CO2) 
69-76 (with acetate) 
22.8 (with pyruvate) 
480-600 (with acetate) 
48 (with pyruvate) 
ND 
4 (with yeast extract and peptone) 
ND ND 
CO deshydrogenase activity + + + ND ND ND 
ND, not derermined. 
a
Calculated from the methane production rate.
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3.1.1. Thermophilic strains of Syntrophic Acetate-Oxidizing Bacteria 
 
The first one was isolated by Lee & Zinder, (1988), using favorable substrates such a 
glycol and pyruvate, isolating Syntrophic Acetate-Oxidizers bacteria without partners 
methanogens. The strain, namely strain AOR, belongs to a certain physiological group 
of bacteria, namely acetogens (or homoacetogens). The bacterium could grow on 
ethylene, glycol, pyruvate, formate, 1,2-popanediol, and betaine in pure culture. In 
addition, the strain could also grow on H2/CO2 with production of acetate. The 
acetogens are anaerobic bacteria that produce mainly acetate from autotrophic and/or 
heterotrophic substrates. As well as having physiological diversity, the acetogens are 
also phylogenetically very diverse, although many of the microbes belong to the call 
Clostridia within the phylum Firmicutes. 
  
The second one is Thermoacetogenium phaeum strain PB, isolated by Kamagata & 
Mikami, (1989). T.phaeum strain PB oxidizes acetate in co cultures with both H2- and 
formate- consuming methanogens (Methanothermobacter thermautotrophicus strain 
TM). It was isolated from an acetate-oxidizing enrichment culture that was obtained 
from a thermophilic methanogenic reactor treating wastewater from a kraft-pulp 
production plant in Japan. The strain could also grow on acetate in the presence of H2-
utilizing methanogens (M. thermautotrophicus strain ∆H), although the acetate 
oxidation rate in the T.phaeum/strain ∆H coculture is about one third of that in the 
T.phaeum/strain TM coculture. Like the Syntrophic Acetate-Oxidizer described above, 
strain PB is an acetogen. The strain could grow on alcohols, methoxylated aromatics, 
amino acids, organic acids, and H2/CO2, which are representative substrates for many 
acetogens. In addition to having metabolic traits, the strain could also oxidize acetate in 
the absence of partner methanogens when suitable external electron acceptors (sulfate or 
thiosulfate) existed. The strain belongs to the family Thermoanaerobacteriaceae within 
the pylum Firmicutes, in which a representative thermophilic acetogen Moorella 
thermoacetica is placed.  
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The third isolate was Thermotoga lettingae strain TMO that can degrade acetate in 
Syntrophic cooperation with M.thermoautotrophicus strain ∆H (Balk et al., 2002). The 
strain was originally isolated from a thermophilic (65 °C) sulfate-reducing bioreactor 
fed with methanol. In the presence of thiosulfate, this microbe could axenically degrade 
acetate with the concomitant production of alanine and sulfide. The strain could also 
grow on complex substrates such as yeast extract, peptone, and gelatin. It could also 
utilize simple substrates including methanol, organic acids, and sugars. In addition, 
strain TMO could grow weakly on H2/CO2 only when thiosulfate was present. There 
has been no physiological data to support that this microbe is an acetogen. 
Phylogenetically, strain TMO belongs to the family Thermotogaceae within the phylum 
Thermotogae.  
 
3.1.2. Mesophilic strains of Syntrophic Acetate-Oxidizing Bacteria 
 
Clostridium ultunense strain BS is a mesophilic SAOB isolated by (Schnürer et al., 
1996). It was obtained from a Syntrophic Acetate-Oxidizing triculture that was derived 
from a laboratory-scale digester (37 °C) fed with manure in Sweden. The source 
contained relatively high concentrations of ammonium that generally inhibit the growth 
of aceticlastic methanogens. C. ultunense could oxidize acetate in the presence of a 
hydrogenotrophic methanogen, Methanoculleus sp. Strain MAB1. The bacterium also 
utilized acetogenic substrates such as ethylene glycol, pyruvate, and betaine. C. 
ultunense did not grow on H2/CO2, most probably due to a low energy gain from this 
substrate. It should be also mentioned that H2/CO2 was converted to acetate by resting 
cells of the culture. Phylogenetically, strain BS was placed in the clostridial cluster XII 
within the phylum Firmicutes.  
 
Syntrophaceticus schinkii strain Sp3
T
 (Westerholm et al., 2010) has Syntrophic Acetate-
Oxidizing capability in cocultivation with a hydrogen-utilizing methanogens. This strain 
was isolated from sludge from a mesophilic methanogenic digester operating at a high 
ammonium concentration (6.4 g NH4⁺-N L
-1
).  
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Strain Sp3
T
 used ethanol, betaine and lactate as a carbon an electron sources. Based on 
the phylogenetic position and the physiological characteristics of strain Sp3
T
, this new 
SAOB is proposed as the new genus and species Syntrophaceticus Schinkii, with Sp3
T
 
as the type strain.  
 
Westerholm et al., (2011) isolated the last one called Tepidanaerobacter acetatoxydans.  
The strains were isolated from two distinct ammonium-rich, mesophilic, methanogenic 
systems. Strains Re1
T
 and Re2 originate from a continuously stirred laboratory-scale 
reactor that was operated at 37 ⁰C and was fed with alfalfa silage. 
 
The sludge of the reactor had accumulated high levels of ammonium (6.4 g NH4⁺-N L
-1
) 
and volatile acids due to recirculation of the process liquid. Strains T1 and T2 were 
obtained from a high ammonium enrichment culture (7.0 g NH4⁺-N L
-1
) derived from a 
semi-continuous digester operating at 37 ⁰C. Acetate is converted to CO2 and CH4 in 
co-culture with a hydrogen-consuming methanogens. The following substrates can be 
utilized for growth in pure culture: malate, citrate, glycerol, glucose, fructose, galactose, 
lactose, cellobiose, salicin, cysteine and methionine. 
 
3.2. Metabolic pathway 
 
The SAOB majority (C.ultunense, T.phaeum, T. acetatoxydans and S.schinkii) are 
considered acetogens, i.e., they use the reductive CODH/ACS pathway (Westerholm, 
2012), and have the ability to synthesize acetare from H2/CO2 and to use the reductive 
acetyl-CoA Wood/Ljungdhal pathway. In Syntrophic Acetate Oxidation, the SAOB are 
believed to operate the acetyl-CoA pathway reversibly (oxidative CODH/ACS 
pathway). Thus, the Syntrophic bacteria use the same biochemical reaction apparatus, 
and synthesize ATP, in both directions.  
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Furthermore the Syntrophic Acetate Oxidizer could be grown in pure culture, and it 
turned out to be a homoacetogenic bacterium which can also grow and run its energy 
metabolism by hydrogen-dependent reduction of CO2 to acetate (reaction 5, Table 3), 
thus reversing Syntrophic Acetate Oxidation (Schink, 1997). 
 
3.2.1. Acetyl-CoA pathway  
 
This pathway involves several reactions, but overall combines two one-carbon units and 
produces one acetyl group. The pathway can proceed under autotrophic or heterotrophic 
conditions, i.e., the energy and carbon for acetate and biomass formation can be derived 
from either inorganic (e.g. hydrogen/carbon dioxide) or organic (e.g. glucose) 
compounds (Hattori, 2008). The capability to use the acetyl-CoA pathway distinguishes 
acetogens from the organisms that produce acetate by other metabolic pathways. 
Acetogens may also produce other compounds than acetate if other than carbon dioxide 
terminal electron acceptors are used, since the acetyl-CoA pathway can be repressed 
and being essential to confirm if acetyl-CoA pathway are active to assign and acetogen 
(Westerholm, 2012). 
 
A principle of the reductive CODH/ACS pathway is the reduction of 2 moles of CO2 to 
1 mol of acetate by using 8 reducing equivalents [H] (Fig.3.1). In this pathway, 1 mol of 
CO2 is reduced to CO by a bifunctional enzyme, carbon monoxide 
dehydrogenase/acetyl CoA (CODH/ACS) synthase that is known as the key enzyme in 
this pathway. The other molecule of CO2 is reduced to formate, which is activated to 
formyl-tetrahydrofolate (formyl-THF) in the presence of ATP and THF (carrier for 
methyl group of acetyl-CoA). The formyl-THF is further dehydrated to methenyl-THF 
followed by successive reductions of methylene-THF and methyl-THF. Subsequently, 
the methyl group is transferred to the corrinoid/iron-sulfur protein (corrionid/Fe-S) 
followed by the CODH/ACS.  
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The bifunctional enzyme condenses the methyl group, CoA, and CO (derived from 
another molecule of CO2) to acetyl-CoA. Finally, the acetyl-CoA is converted to acetate 
via acetyl-phosphate.   
 
Figure 3.1. Carbon monoxide dehydrogenase/acetyl-CoA synthase pathway 
(Wood/Ljungdahl pathway, reductive CODH/ACS pathway). For the oxidative 
CODH/ACS pathway, arrows are opposite in direction, except cell assimilation,      
from Hattori, (2008). 
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3.3. Culture conditions 
 
3.3.1.  Energy requirements and restrictions 
 
Paying attention on the Gibbs free energy of SAO reaction (reaction 2, Table 2.1) the 
results is that it is extremely unfavorable (ΔGº’=+104.6 kJ mol-1).  Although this 
reaction become unfavorable itself, it can proceed if hydrogenotrophic methanogenesis 
remove hydrogen (ΔGº’=-135.6 kJ mol-1) through interspecies hydrogen transfer (IHT).  
It has been proposed that hydrogen transfer and formate transfer are the two possible 
mechanisms for IHT, triggered by the Syntrophic interspecies distances (Stams et al., 
2006). Formate is the predominant electron carrier when the interspecies distances 
between the oxidizing bacteria and the hydrogenotrophic methanogens are high, while 
hydrogen becomes the favorable electron carrier when these distances are small (de Bok 
et al., 2004). Then, the overall reaction (reaction 4, Table 2.1) becomes exergonic 
(ΔGº’=-31.0 kJ mol-1), with the same stoichiometriy as aceticlastic methanogenesis.  
 
Syntrophic Acetate Oxidation is catalyzed by SAOB, whereas H2-consuming 
methanogenesis is catalyzed by hydrogenotrophic methanogens.  Both microbes require 
each other because bacteria need hydrogen scavengers (i.e. hydrogenotrophic 
methanogens) and archea need hydrogen supplies (i.e. SAO). In the case of aceticlastic 
methanogens, the yields energy is enough, but in the case of Syntrophic Acetate 
Oxidation coupled to hydrogenotrophic methanogenesis, the amount is quite small 
(ΔGº’=-31.0 kJ mol-1) because they should share this small energy to its own living. 
 
This energetically disadvantage may cause these syntrophs to be slow growers and to 
adapt strong mutualism, both of which may explain why the isolation of SAO co-
cultures is extremely difficult. This pathway performs more efficiently at thermophilic 
temperatures (55-60 ⁰C) compared with mesophilic temperatures (Hattori, 2008). 
Syntrophic acetate oxidation is the main mechanism for acetate degradation in the 
presence of inhibitors, particularly ammonium and VFAs.   
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Figure 3.2.  Effects of temperature and hydrogen partial pressure on the Gibbs free 
energy change (∆G’) for the oxidation of acetate to H2/CO2 or methanogenesis from 
H2/CO2. Acetate oxidation to H2/CO2 at (a) 25 °C and (b) 55 °C. Methanogenesis from 
H2/CO2 at (c) 25 °C and (d) 55 °C. Arrows represent the H2 partial pressure (Pa) at 
which ∆G’ for the reactions is zero. The stoichiometriy of the reactions is given in 
Table 2.1, from Hattori, (2008). 
 
3.3.2. Methanogenic partner and competitors 
 
The Syntrophic Acetate Oxidizers are slow growers compared with their main 
competitors, the aceticlastic methanogens Methanosarcina and Methanosaeta, as we 
can see in Table 3.2, 
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Table 3.2. Doubling time of aceticlastic methanogens compared to SAOB coupled with 
partner methanogens. 
Microorganism 
Doubling 
time 
Reference 
Methanosarcina sp.  8-36 hours 
Demirel & Sherer, 
(2008) 
Methanosaeta sp.  1-9 days 
Demirel & Sherer, 
(2008) 
T.phaeum coupled with partner methanogen  1.5 days 
Hattori et al., 
(2000) 
Strain AOR coupled with partner methanogen  3 days 
Lee & Zinder, 
(1988) 
C. ultunense, T. acetatoxydans, S.schinkii and 
Methanoculleus sp. MAB1.  9 days 
Westerholm,  
(2012) 
C.ultunense and Methanoculleus sp. MAB1  28 days 
Schnürer et al., 
(1994) 
S.schinkii and Methanoculleus sp. MAB1  69-78 days 
Westerholm, 
 (2012) 
 
The aceticlastic methanogens generally have the following properties: Methanosaeta 
utilize exclusively acetate while Methanosarcina can grow on several substrates other 
than acetate. The former methanogens have a low growth rate but high affinity for 
acetate. Thus, the growth of aceticlastic methanogens is affected by the concentration of 
acetate. The Syntrophic Acetate Oxidizer dominates over aceticlastic methanogens at 
low concentrations of acetate under thermophilic condition. These conditions (a low 
concentration of acetate with a high temperature) are likely to provide a suitable 
environment for Syntrophic acetate oxidizers (Hattori, 2008). 
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In addition, ammonia and VFA are considered important factors for acetate metabolism. 
Aceticlastic methanogens are also known to be more sensitive to these compounds than 
hydrogenotrophic methanogens. Changes in the archaeal community from the genus 
Methanosarcina to hydrogenotrophic methanogen species were also observed in an 
anaerobic sequencing batch reactor after the concentration of ammonium increased. 
These results indicate that the Syntrophic Acetate Oxidizer become able to cooperate 
with hydrogenotrophic methanogens, and dominate the aceticlastic methanogens at high 
ammonium concentrations at which the aceticlastic methanogens are inhibited. 
 
The available hydrogen-utilizing partner is of most importance for successful acetate 
degradation through SAO. It is particularly important in mesophilic conditions, where 
the hydrogen released from acetate oxidation needs to be even more efficiently 
consumed in order to provide the required energy for the cooperating partner, compared 
with at high temperatures (Schink, 1997). Phylogenic analyses of the methanogenic 
population in SAO-dominated thermophilic reactors have revealed high abundance of 
hydrogenotrophic Methanobacteriales (e.g. Methanobacterium and 
Methanothermobacter) and Methanomicrobiales (e.g. Methanoculleus), but the 
abundance of aceticlastic Methanosarcina species is also reported to be high (Hao et al., 
2011).  
 
Methanoculleus was revealed to be the predominant group of methanogens in 
mesophilic biogas plants with Syntrophic Acetate Oxidation (Schnürer et al., 1999) and 
was therefore used (Methanoculleus sp. MAB1 and MAB2; Schnürer et al., 1996) as 
partner methanogen in co-cultivation under mesophilic and thermotolerant conditions. 
 
 
 
49 
 
 
4. Material and methods 
 
4.1. Experimental design 
 
Using simultaneous batch experiments (SBE) it is possible to determine unknown 
parameters from well-known initial conditions with the appropriate experimental design 
(Flotats et al., 2010). In the present work, the experimental methodology is based on 
simultaneous batch experiments by using different initial conditions for two variables 
(acetate and ammonia concentrations). Methanogenic activity tests are based on SBE, 
allowing us to determine the inocula activity through the kinetic parameters calculated 
at the origin of the assay (Soto et al., 1993). 
 
For this proposal an exhaustive bibliographic research was made in order to determine 
which conditions are the suitable ones to determine the inoculum activity. Since it is 
possible to see in the previous sections there are wide ranges of inhibiting ammonia 
concentrations reported in the literature to anaerobic digestion process, with the TAN 
concentration ranging from 0.50 to 11.83 g NH4
+
-N L⁻1 (Table 2.3). Our inoculum is 
susceptible to present SAO activity and for these reason we decided to design SBE with 
ammonia concentrations below this range in order to submit the inoculum to a stress 
conditions (standard reactor operating range), as we can see in Table 4.1 and Table 4.2. 
Referring to acetate concentrations, we followed the same bibliographic methodology 
research to determine the optimal conditions for this experiment. In this case, acetic 
concentration range has a well known interval of values reported in the literature, 
facilitating the decision-making.  
 
4.1.1. Methanogenic activity tests (MAT) 
 
Simultaneous batch experiments were carried out in order to characterize an anaerobic 
inoculum likely to have presented in the past SAO activity. The design of the assay is 
shown in Table 4.1, 
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Table 4.1. Methanogenic activity test experimental design. 
Vial Acetate (g L
-1
) TAN (g L
-1
) Name 
 1* 0 0.64 I2-control 
2 1 0.82 I2-A1&N0.8 
3 2 1.01 I2-A2&N1.0 
4 3 1.29 I2-A3&N1.3 
5 3 0.68 I2-A3&N0.7 
6 3 1.67 I2-A3&N1.7 
7 3 2.06 I2-A3&N2.0 
8 3 2.43 I2-A3&N2.4 
*Control vials (with only biomass) were used to obtain biogas production from residual 
organics at the inocula and to estimate the net biogas production from acetate. 
 
4.1.2. Enrichment assay (EA) 
 
The objective of this assay was to enrich a presumptive culture of SAO, preparing four 
vials with the same initial conditions (quadruplicate for a single condition). The design 
of the experiment is presented below in Table 4.2, 
 
Table 4.2. Enrichment assay experimental design. 
Vial Acetate (g L
-1
) TAN (g L
-1
) Name 
1 3 8 I1-1_A3&N8 
2 3 8 I1-2_A3&N8 
3 3 8 I1-3_A3&N8 
4 3 8 I1-4_A3&N8 
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4.2. Analytical methods  
 
4.2.1. Total Kjeldhal nitrogen 
 
Kjeldhal method allows determining together the organic nitrogen (Norg) and the 
ammonium nitrogen (NH4
+
) contained in a sample. Thus, through difference between 
Kjeldhal nitrogen (Nk) and ammonia nitrogen, determined separately, it can be 
estimated the Norg of a sample. This method was determined according to Standard 
Methods (APHA, AWA, WEF, 2005) protocol, following Campos et al., (2008).   
 
The Kjeldhal method consists on the following stages described above,  
i) Sample digestion. In this process organic nitrogen is transformed into 
ammonium nitrogen digesting the sample with concentrated sulfuric acid, a 
catalyst and heat. 
ii) Distillation. Ammonium ion present in the sample is displaced into ammonia 
when a strong base (NaOH) is added. The ammonia is distilled and then 
collected anew as ammonium in excess in a known volume of boric acid 
forming ammonium borate.  
iii) Titration. Borate ion is titrated using a strong acid in order to determine the 
Kjeldhal nitrogen present in the sample. 
 
Following, the conversion factors to express the results in mg Nk kg
-1
, is indicated, 
 
                   
         
                                 
          
   (4.1) 
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VHCl (mL): chloridric acid volume of the sample and control consumed on titration. 
NHCl (N): normality of chloridric acid used on titration. 
Psample (g): digested sample weight.  
 
4.2.2. Ammonia nitrogen 
 
The method described below corresponds to the determination of ammonia nitrogen 
(NH4
+
) by distillation and titration.  Analysis is based on the transformation, in a liquid 
medium, of ammonia ion into ammonium with the presence of a base like sodium 
hydroxide. Then NH3 is distilled, recollecting it again as a NH4
+
 in a known volume of 
boric acid with known concentration and forming then ammonium borate. Titration of 
borate ion trough an acid of known normality allows quantifying the initial ammonium 
present in sample.  
 
        
                  
                               
           
   (4.2)  
 
VHCl (mL): consumed chloridric acid volume of sample and control used on titration. 
NHCl (N): chloridric acid normality used on titration. 
Vsample (mL): volume of distilled sample. 
 
4.2.3.  pH 
 
pH was measured directly on the sample, with a CRISON 52-11 electrode connected to 
a pH/mV meter CRISON GLP 22. Calibration was made with an standard buffer 
solutions CRISON of pH 7.02 and 4.22 at 20 ºC.  
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4.2.4. Chemical oxygen demand 
 
Chemical Oxygen Demand (COD) is an estimation of the oxidizable organic matter 
measured from the quantity of oxygen needed to oxidize the organic matter of a sample 
under specific conditions of oxidizing agents, time and temperature.  
 
The organic and inorganic oxidizing substances of the sample are oxidize by re-flow in 
acid solution (H2SO4) with an excess of potassium dichromate (K2Cr2O7) in presence of 
catalyze. After digestion, the K2Cr2O7 remaining is titled with Mohr salt and using 
ferroin as final point. The oxidized organic matter is calculated in terms of equivalent 
oxygen.   
 
4.2.5. Total and volatile suspended solids 
 
Total Suspended Solids (TSS) and Volatile Suspended Solids (VSS) content 
determination were performing according to 2540 E Standard methods for examination 
of water and wastewater (APHA, 1995). TSS was determinate by dry waste weight 
filtering the sample previously, oven-dried at 105 ºC, Selecta 202, for 48 hours, referred 
to the initial fresh matter weight. The following expression was used to calculate the 
rate of TSS, 
 
                                       
     
 
       (4.3) 
 
The determination of volatile suspended solids (VS) was performed on the same sample 
by calcinations in a muffle 12-PR/300 Heron, at 550 °C for 6 hours. The volatile 
suspended solids content is determined by difference between the dry residue and the 
ash, from this expression, 
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       (4.4) 
 
A: Capsule weight + dry filter (g) 
B: Sample weight (g) 
C: Capsule weight + dry filter + dry waste at 105 ºC (g) 
D: Capsule weight + dry filter + ashes (g) 
 
4.2.6. Volatile fatty acids (VFA) 
 
The measured volatile fatty acids (VFA’s) were: acetate (Ac), propionate (Pro), iso-
butyrate and n-butyrate (Bu), iso-valerate and n-valerate (Va), caprionate (Cp) and 
heptanate (He). 
  
VFA were analyzed by gas chromatography (Figure 4.1) using a gas chromatograph 
CP-3800 (Varian, USA) fitted with a Tecknokroma TRB-FFAP capillary column (30 m 
x 0.32 mm x 0.25 µm) and FID detection (Figure 4.2).  
 
Figure 4.1. Detail of vials encapsulation in AGV samples preparation. 
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Figure 4.2. Example of AGV chromatogram analysis. 
 
Calibration was made using three calibration patterns with different concentrations in 
order to obtain the calibration lines. In the case of acetate, the calibration was done with 
7 calibration patterns, from 60 mg Ac L
-1
 from 3500 mg Ac L
-1
. A lineal calibration 
method was used, obtaining high regression coefficients (Figure 4.3).  
 
 
Figure 4.3. Example of calibration lines for different AGV. 
 
 
 
 
Characterization of a mesophilic anaerobic inoculum by means of methanogenic activity tests    56 
 
 
 
Escola Superior d’Agricultura de Barcelona 
UPC - BarcelonaTech 
4.2.7. Biogas composition, CH4, CO2 and H2 
 
This method consists on the chromatographic separation of the different compounds of 
a gaseous sample through the affinity of each other with the stationary phase, and 
detection through TCD (thermal conductivity detection).   
 
Methane (CH4) and carbon dioxide (CO2) content in the biogas produced was 
determined using a chromatograph CP-3800 (Varian, USA) fitted with Hayesep Q 
80/100 Mesh (2 m x 1/800 x 2.0 mSS) packed column (Varian, USA) and TCD 
detection. Hydrogen (H2) content in the biogas produced was analyzed using a CP-3800 
(Varian, USA) fitted with Molecular Sieve 5A 80/100 Mesh (2 m x 1/800 x 2.0 mSS) 
packed column (Varian, USA) and TCD detection. In the Figure 4.4 we can see an 
example of biogas chromatogram. 
 
Calibration was made using two patterns, one of them with a mixture of N2, CO2 and 
CH4, and the other one with a mixture of H2 and CH4 with a known concentration. 
Different sample volumes were used to obtain the calibration line (Figure 4.5).  
 
 
Figure 4.4. Example of biogas chromatogram analysis. 
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Figure 4.5. Example of methane calibration line. 
 
4.3. Inoculum characterization 
 
Two different inocula were used to perform MAT and EA. Inoculum number one 
proceeds from Uppsala (Sweden) and inoculum number two from a farm-scale biogas 
plant located at Vila-Sana (Barcelona, Spain).  
 
In order to characterize the inocula the following analysis were made according to the 
analytical methods described above: total chemical oxygen demand (CODt), total solids 
(TS), volatile solids (VS), total Kjeldhal nitrogen (TKN), TAN, AGV, total suspended 
solids (TSS), volatile suspended solids (VSS), pH. The inoculum number one proceeds 
from Uppsala BioCenter at the Swedish University of Agricultural Sciences (SLU), 
Sweden. This inoculum contains an enriched population of SAO, being this the reason 
to choose this inoculum.  
 
Inoculum number two, from Vila-Sana, was chosen for the propitious conditions of this 
anaerobic plant to contain a SAO culture (high ammonia concentration and long 
hydraulic retention time). The characteristics of Vila-Sana anaerobic treatment plant are 
presented in Table 4.3, 
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Table 4.3. Vila-Sana treatment plant characteristics. 
Reactors 
number 
Reactors 
type 
Reactors 
configuration 
Volume 
(m
3
) 
HRT 
(d) 
Ammonia 
concentration 
2 CSTR serially 2x1200 65 
High 
(>4000 mg L
-1
) 
      
4.4. Assays development and tracking 
 
4.4.1. Methanogenic activity test (MAT) 
 
The methanogenic activity test (MAT) was determined according to Soto et al., (1993), 
using Simultaneous Batch Experiments (SBE). Inoculum number two was added at a 
concentration of 7.5 g VSS L
-1
. The inoculum was maintained in an incubation chamber 
(37 ºC) for 7 days in order to decrease the amount of residual CODt.  
 
Acetate, ammonia and hydrogen were added to glass flaks of 1200 mL (700 mL working 
volume), supplementing the media with macro and micronutrient solution (annexed 
Table A.1). Hydrogen was added through a syringe. A phosphate buffer solution was 
also added to control pH around 7. The methanogenic activity was determined in 
duplicate. The flasks were stirred and bubbled with N2/CO2 gas (Figure 4.6) in order to 
remove O2 before closing them with rubber stoppers.  
 
Vials were incubated at 37 ºC in an incubation chamber (Figure 4.7). Control vials, with 
only biomass, and anaerobic media, were also run to obtain biogas production from 
residual organics of the inocula and to estimate the net biogas production from acetate.  
After substrate exhaustion (methane plateau) in the methanogenic activity (1
rst
 pulse, 
annexed Table B.2), vials were opened and the same concentration of acetate, ammonia 
and hydrogen was added (2
nd
 pulse and 3
rd
 pulse, annexed Tables B.4 and B.6 
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respectively.) The flasks were bubbled again with N2/CO2, closed and monitored till 
null methane production.  
 
Vials containing different acetate concentration were used to study the effect of 
sequential pulses of increasing COD concentration, and vials containing different 
ammonia concentration and the same acetate concentration were used to identify 
inhibitory process and to obtain an enriched culture of SAO population, if possible.  
There is a difference in vial 8, also named I2- A3&N2.4. In this case, duplication was 
not made because a limitation on the initial available flasks number, with only 15 vials 
available.  After the 1
st
 pulse, an additional vial was received to complete the assay. On 
the second pulse, it was decided to split vial 8 into two flasks, with the half of the initial 
volume on each one in order to preserve the inoculum conditions.  
 
 
Figure 4.6. Vials bubbling before digestion process. 
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Figure 4.7. Detail of the vials in the incubation chamber. 
 
Flasks were shaken vigorously by a hand once a day during incubation at 37 ºC for 140 
days under strict anaerobic conditions. Time course of methane production and 
hydrogen consumption were monitored by gas chromatography according to Analytical 
Methods section, analyzing the headspace periodically with a dense sampling during the 
first days and a spread sampling the remaining days of the follow-up period (annexed 
Tables C.1, C.2 and C.3).  
Periodically, liquid samples of 2 mL (Figure 4.8) were withdrawn with hypodermic 
syringe in order to determine soluble VFA and pH evolution. Time expanded during 
sampling was approximately 3 h for each period. A total of 36 sampling periods were 
done.  
Sampling sequence: 
i. Flask shaking 
ii. Headspace sample to analyze CH4 and CO2  
iii. Withdrawn liquid sample 
iv. Headspace sample to analyze H2 
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Figure 4.8. Liquid sample set. 
 
A half of the withdrawn volume (1 mL) was used to VFA analysis and another half was 
freezed for a possible analytical repetition. At the beginning and at the end of the 
digestion it was done a complete sample analysis, including: TSS, VSS, Ammonia 
NH4
+
, VFA and pH. At the end of the 2
nd
 pulse sulphide was measured analyzing the 
headspace gas as was done with methane.   
 
4.4.2. Enrichment assay (EA) 
 
The experiment described on this section consists in a methanogenic activity assay 
following the same way as MAT. In this case the inoculum used was the inoculum 
number one (from Uppsala, Sweden) with a concentration in vials of 5 g VSS L
-1
. 
Acetate and ammonia (annexed table B.8) were introduced in glass flaks of 118 mL (70 
mL working volume), supplementing the media with the same micro and macro nutrient 
solutions as MAT. For this assay only methane and carbon dioxide were measured 
following the methodology described in Analytical Methods section.  
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Figure 4.9. Detail of the vials of EA in the incubation chamber. 
 
4.5. Calculation methodologies  
 
4.5.1. Cumulative gas production  
 
Cumulative gas production was calculated based on the pressure and composition of 
every gas sample. Gas samples were taken with a syringe equipped with a shutoff valve, 
such that samples could be taken with the real pressure, estimating the current number 
of moles contained in the volume sample.  
 
The initial composition was known and therefore the moles content of nitrogen and CO2 
in the headspace were known too. Since the anaerobic digestion process takes place, the 
amount of CO2 and CH4 becomes higher and produce a pressure increase. It was 
assumed that the ideal gases law was perfectly fulfilled and it was possible to calculate 
the pressure from the number of gas moles analyzed by gas chromatography.  
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Gas was drained periodically from vials to avoid overpressure (Figure 4.10) and the gas 
composition was analyzed before and after in order to calculate the gas lost. Methane 
production is expressed in units of mL of CH4 at normal conditions (0 °C and 1 atm).  
 
 
Figure 4.10. Detail of a vial with a septum rubber indicating overpressure. 
 
4.5.2. Methane production parameters 
 
To estimate the accumulated methane volume (M) we subtract the average of the 
methane volume of the control (Vc) to the accumulated volume (V) of each vial 
(Equation 4.5). 
M= V-Vc              (4.5) 
 
With the accumulated methane volume (M) we cannot compare our results with other 
author’s, and this is why we correct this value dividing it by the initial substrate 
concentration in units of COD (Equation 4.6). 
   
 
     
                      (4.6) 
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4.5.3. Methanogenic activities approximation  
 
An approximation of the methanogenic activity was made estimating three parameters: 
the acetate consumption rate (rAc), the hydrogen consumption rate (rH₂) and the methane 
production rate (r’CH₄). Finally, a fourth parameter was estimated: the time necessary for 
a consumption of 90% of substrate (S90,Ac and S90,H₂).  
 
Consumption and production rates were calculated from the slope at the origin on the 
first days of each pulse (dense sampling region). After this a correction was made in 
order to compare the results of every vial, dividing the slope at the origin by the 
concentration of SSV and the Monod substrate consumption term, 
 
     
 (Equation 4.7); 
 
[
  
  
]t=0 · 
 
 
 · 
  
    
     (4.7) 
 
Ks values for acetate (0.15 g DQOAc L
-1
) and hydrogen (2.5·10
-5
 g DQOH₂ L
-1
) were 
taken from ADM1. The methodology used in the calculation of consumption rates is 
presented below. 
 
i. Units standardization 
The first to do is to keep in mind with which units we work and uniform them if it is 
necessary. In this case we will always work with units of COD because its 
standardization and its use in AMD1 (Table 4.4), and because it is a conservative 
variable and can help during mass balance studies.  
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Table 4.4. Units according to ADM1. 
Parameter Units 
Substrate concentration (S) g DQO L
-1
 
Ks g DQO L
-1
 
Consumption ( s) and production rates (r’CH₄) g DQO g SSV
-1
 d
-1 
Time d 
 
 
Table 4.5. Conversion factors to COD units for VFA, methane and hydrogen. 
Susbtance Units Value 
C2 (acetate) g DQO g
-1
 1.07 
C3 (propionate) g DQO g
-1
 1.51 
Methane  mL CH4 g DQO
-1
 350 
Hydrogen g DQO mol H2
-1
 16 
 
 
  
ii. To detect and to remove the outliers 
Due to the possible mistakes during data acquisition and processing (sampling error, 
measurement error, data manipulation error, etc.) it is necessary to fit the data and then 
remove the possible outliers. The method used to detect the outliers was the quartiles 
method (Upton et al., 1996), defined by the following expressions: 
 
Q1 - k · [Q3-Q1]     (4.8) 
Q3 + k · [Q3-Q1]     (4.9) 
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where: 
-Q1 is the first quartile. 
-Q3 is the third quartile.  
-K is a constant that determines the reject region, which in this case takes a value of 1.5.  
 
Once the upper and the bottom limit (Equations 4.8 and 4.9 respectively) were defined 
we proceed to discard the points that were outside this range. 
 
iii. To select the interval of time 
In order to estimate the initial slope of the variation of acetate, hydrogen or methane, it 
is necessary to determine the interval of time in which concentration or productions 
values will be considered.  
 
Slope estimation method is based on the equation of a straight line and therefore our 
system should be as linear as possible, i.e., you must have to maximize R
2
. In our case 
the highest linearity was found taking the first 6 points from the origin regardless the 
initial time (t0) for the rate of acetate consumption in 1
rst
 pulse, because the residual 
COD from the inoculum masks the results. 
 
iv. Determine the slope and correct them with the corresponding factors 
Once the slope is calculated via linear regression we determine the 95% confidence 
interval of the slope (Alonso et al., 2005), given by: 
                
 
 
 
        
   
    (4.10) 
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where  y0 is the slope at the origin, tn-2,α/2 is the percentile of the t-distribution with n - 2 
degrees of freedom, MSE is the mean square error and Sxx is the sum of squares. Finally 
we correct the slope with the initial concentration of VSS and the Monod term in order 
to compare between vials. 
 
As can be seen in Figure 4.11, for illustration purposes, the hydrogen evolution at the 
origin follows a linear distribution (and also for acetate and methane), allowing to adjust 
through linear regression with high R
2
 values.  
 
 
Figure 4.11. Linear regression for hydrogen consumption on 1
rst
 pulse for vial 6.1. 
 
Calculating the slope at the origin we obtain information about the velocity of the 
processes, but this information must be completed with the process duration. This is 
measured calculating the time it takes to consume the 90% of substrate as we exposed 
above. The following equation was used to calculate the time it takes to consume the 
90% of S; 
S90= [S]t=0 · (1-0, 9)      (4.11) 
y = -0,0249x + 0,1771 
R² = 0,8887 
0,000 
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Once S90 value was calculated, the range of time where this values lies were determined. 
Since these values could be found in a time between two sampling times, the range was 
defined as follows.  
       
       
 
        (4.12) 
 
where tn corresponds to the time to reach the S90 value.  
 
4.5.4. Free ammonia (FA) estimation 
 
Two expressions, used by Bonmati & Flotats, (2003) and Hansen et al., (1998) were 
used to estimate FA concentration in order to compare each other and to obtain a 
reliable value.  
 
Bonmati & Flotats, (2003) express FA concentration with the following equation, 
 
      
     
          
                (4.13) 
 
where [NH3] is the free-ammonia concentration, [TAN] is the total ammonia 
concentration, and Ka is the acid ionization constant for ammonia. pKa can be expressed 
as function of temperature T (ºC) by the following equation, 
 
                                         (4.14) 
 
Further, Hansen et al., (1998) reported that the fraction of free ammonia relative to the 
total ammonia nitrogen is dependent on pH and temperature, as shown in the Equation 
4.15, 
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   (4.15) 
 
Where; NH3 is free ammonia nitrogen (FA, mg L
-1
); TAN is total ammonia nitrogen (mg 
L
-1
); and T (K) is the temperature (Kelvin). 
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5. Results and discussion 
 
Results presentation was divided as a function of the assays carried out. 
 
5.1. Inoculum characterization 
 
Only inoculum number two was characterized. This was because inoculum number one 
volume was just enough to perform the enrichment assay and no further volume was 
available for characterization.  
 
Digested mesophilic effluent from a biogas plant, digesting pig manure and agro-food 
waste located at Vila-Sana (Barcelona, Spain), with an average concentration of 7.9 % 
TS and 5.2 % VS, was used as initial inoculum for kinetic and enrichment assay. Table 
5.1 summarizes the characteristics of inoculum used in MAT. 
 
Table 5.1. Characterization of the inoculum number two. 
CODt 
(mg O2 kg
-1
) 
TS 
(%) 
VS 
(%) 
SST 
(%) 
SSV 
(%) 
TKN 
(mg N L
-1
) 
TAN 
(mg N L
-1
) 
Acetate 
(ppm) 
pH 
         
80899 7.90 5.20 7.50 5.35 6832 4226 100 8.28 
         
 
5.2. MAT results and discussion 
 
The presentation of results is divided according to the different experiments performed. 
The results reported below are exposed considering the evolution of the main 
components.  
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5.2.1. Evolution of nitrogen compounds 
 
TAN measured values and estimated FA using equations from Bonmatí & Flotats, 
(2003) and Hansen et al., (1998) at initial and final of the assay are exposed in Table 
5.2. Values are the average of each duplicate.  
 
Table 5.2. TAN and FA concentrations on MAT. 
Vial 
NH4
+
-N 
(mg L
-1
) 
NH3-N ( mg L
-1
) by 
Bonmatí & Flotats, (2003) 
NH3-N ( mg L
-1
) by 
Hansen et al., (1998) 
Initial Final Initial Final Initial Final 
1 663 715 19.42 32.35 16.01 26.73 
2 862 848 24.68 42.28 20.34 34.97 
3 1026 1002 29.75 58.19 24.51 48.20 
4 1285 1242 35.62 92.35 29.35 76.72 
5 710 684 21.75 54.80 17.93 45.57 
6 1713 1592 53.59 122.45 44.18 101.78 
7 1972 1939 50.55 136.68 39.16 113.47 
8 2392 2298 58.61 204.59 48.25 170.43 
 
As we can see in Figure 5.2, TAN values at the beginning and at the end of the assay 
were approximately equals. The stability of TAN values measured along the assay was 
the theoretically expected, since the ammonium nitrogen (the main form of nitrogen on 
TAN) is only removed from the system by biomass assimilation. 
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Figure 5.1. TAN evolution along the assay. 
 
About the FA values, both calculated from Bonmatí & Flotats (Figure 5.2) and from 
Hansen (Figure 5.3), it can be observed a significant increase between the initial and the 
end of the assay. The increase on FA concentration (inhibiting agent) was expected, 
since this form of nitrogen depends closely on the pH. As we shall see in the next 
section (5.2.2 pH evolution), the pH has increased and this has caused an increase in the 
FA concentration.  
 
According to Gallert et al., (1998) a concentration of 220 mg L
-1
 of FA will causes a 
decrease on methane production of 50 %, while in our case we are below this threshold 
in all vial except for the number 8, where we are approached with values of 204 mg 
NH3-N L
-1
 from Bonmatí & Flotats, (2003) and 170 mg NH3-N L
-1
 depending on Hansen 
et al., (1998). 
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Figure 5.2. FA evolution along the assay calculated from Bonmatí & Flotats, (2003).   
 
 
Figure 5.3. FA evolution along the assay calculated from Hansen et al., (1998). 
 
5.2.2. pH evolution  
 
Through the phosphate buffer action, initial pH values of the assay were close to 
neutrality (see Table 5.3). While assay elapsed an increase on pH occurs, with an 
increment (3
rd
 pulse final pH minus 1
rst
 pulse initial pH) of 0.32 and 1.10 pH units for 
vials 1 and 8 respectively.  
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Table 5.3. pH mean values for each duplicate at the beginning and at the end of every 
pulse, and pH increase between 1
rst 
 and 3
rd 
pulses. 
  
pH 
   
Vial 
1
rst
 pulse 2
nd
 pulse 3
rd
 pulse 
Δ-pH 
Initial Final Initial Final Initial Final 
1 7.20 7.23 7.44 7.49 7.49 7.52 0.32 
2 7.23 7.31 7.45 7.53 7.58 7.67 0.45 
3 7.16 7.34 7.47 7.60 7.66 7.80 0.64 
4 7.17 7.41 7.53 7.72 7.80 8.00 0.83 
5 7.23 7.44 7.55 7.75 7.82 7.98 0.75 
6 7.16 7.43 7.55 7.73 7.82 7.93 0.77 
7 7.15 7.37 7.49 7.69 7.75 7.94 0.79 
8 7.15 7.33 7.47 7.80 7.89 8.25 1.10 
 
Despite pH becomes higher along the assay, it keeps on favorable values to anaerobic 
digestion from 1
rst
 to 2
nd
 pulses, but this is not the case on 3
rd
 pulse where pH get quite 
high values. These upper values on 3
rd
 pulse could determine the development of the 
whole process.    
 
5.2.3. Methane production 
 
Performing the statistical analysis of the obtained results at the end of each pulse it was 
observed a significant correlation (The minimum r significant value at p=0.05 is 0.7545) 
between the variation on acetate concentration (rM-Ac
1rst
= 0.959, rM-Ac
2nd
= 0.904, rM-
Ac
3rd
=0.893) and the cumulative methane production M (Equation 4.5, Table 5.4). In the 
other hand there is no significant correlation in the case of ammonia versus cumulative 
methane production (rM-NH₃
1rst
= 0.575, rM- NH₃
2nd
= 0.085, rM- NH₃
3rd
=0.509).  
 
This fact will be confirmed latter in Table 5.5 where production index B (Equation 4.6) 
is calculated, reflecting the methane production regarding the initial COD and thus 
eliminating the initial substrate concentration factor.  
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Table 5.4. Mean values of cumulative gas production (M) at the end of each pulse. 
Vial 
M (mL of methane) 
1
rst
 pulse 2
nd
 pulse 3
rst
 pulse 
2 262.96 272.19 209.68 
3 507.76 484.36 369.23 
4 731.96 651.63 551.04 
5 693.06 627.05 444.20 
6 729.73 542.93 600.78 
7 740.32 631.06 482.51 
8 705.97 274.28 572.43 
 
Cumulative methane production decreases from 1
rst
 to 3
rd
 pulse in each vial, fact that 
can be explained because there is a residual COD remaining in the inoculum. As it can 
be seen, vial 8 had a poor methane production on 2
nd
 pulse. In table 5.5 values of 
methane production and NH3 are no correlated significantly. This confirms the results of 
Gallert et al., (1998) which notes that the inhibition process occurs at a concentration of 
220 mg NH3-N L
-1
, confirmed later by other authors citing values of the same order of 
magnitude. 
 
Table 5.5. Mean values of cumulative methane production regarding the initial COD 
(B) at the end of each pulse. 
Vial 
B (mL methane gCODin
-1
) 
1rst pulse 2nd pulse 3rst pulse 
2 235.41 243.67 187.71 
3 232.60 221.88 169.14 
4 225.29 200.56 169.60 
5 213.31 193.00 136.72 
6 224.60 167.11 184.91 
7 227.86 194.23 148.51 
8 217.29 84.42 176.18 
 
Cumulative methane production for all conditions is shown in Figures 5.4 and 5.5. As 
we can see in the Figure 5.4 (increasing concentration of acetate and TAN), a higher 
accumulated production of methane is found as the initial acetate concentration for each 
pulse increases.  
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In contrast, in the case of vials containing the same acetate concentration but with TAN 
increasing (Figure 5.5), we can observe almost the same accumulated production of 
methane for all of the vials.  
 
Methane production for each duplicate was very similar except for vial 4, where both 
duplicates differed from each other on the 1
rst
 and the 3
rd
 pulses when it is reaching the 
methane plateau. This also occurs in vial 5, 6 and 7 in the 2
nd
 pulse. It is also important 
to note that in the 1
rst
 pulse an error of chromatography (problems with the pressure of 
the column) appears and this is why the last two points tend to diminish as if gas leak it 
were.  
 
 
Figure 5.4. Evolution of the cumulative methane production for vials 1 to 4. 
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Figure 5.5. Evolution of the cumulative methane production for vials 5 to 8. 
 
Lag phases or retardation were not observed on the cumulative methane production for 
any vial. In section 5.2.7 methane production rates and substrate consumption rates are 
analyzed with more details. Below, at Table 5.6, the methane yield (mL of methane 
produced vs. mL of expected methane) is presented in percentage units. 
 
Table 5.6. Methane yield estimation (% of methane produced respect to the expected 
production). 
Vial 
Methane yield (%) 
1
rst
 pulse 2
nd
 pulse 3
rd
 pulse 
1 - - - 
2 98 100 83 
3 100 100 71 
4 94 68 51 
5 74 65 56 
6 76 69 75 
7 81 85 60 
8 76 34 72 
 
Expected methane was calculated through the initial COD corresponding to acetate and 
hydrogen transformed into mL of methane (350 mL-CH4 gCOD
-1
). Cumulative methane 
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production of vial number one (blank) is used to obtain the residual methane production 
from the inoculums, taken out to each vial. For 3
rd
 pulse we obtain the methane yield 
from the preparation values (annexed Table B6) because experimental values of acetate 
were not reliable. 
 
As we can see in Table 5.6, methane yield values tend to diminish from 1
rst
 to 3
rd
 pulse 
except for vials 2 and 3, where decrease from 2
nd
 to 3
rd
 pulse and keeps constant from 
1
rst
 to 2
nd
 pulse. We can also observe that the methane yield for vial 8 in 2
nd
 pulse was 
very low.  
 
5.2.4. Hydrogen evolution  
 
Hydrogen partial pressure was measured from the quantity of hydrogen moles measured 
chromatographically and the pressure inside the vial. In Figures 5.6 and 5.6 we present 
the hydrogen partial pressure for the vials 1 to 4 and 5 to 8 respectively. 
 
 
Figure 5.6. Hydrogen partial pressure evolution for vials 1 to 4. 
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Figure 5.7. Hydrogen partial pressure evolution for vials 5 to 8. 
 
As we can see in the previous Figures and in Table 5.6, in first pulse (day 0) the 
hydrogen partial pressure is significantly higher than in pulses 2 and 3 (day 40 and 97 
respectively). This may be due to the hydrogen gas where taken at a higher pressure 
from the pump, thus increasing the number of moles of the syringe but keeping the 
volume (50 mL).  
 
Table 5.7. Hydrogen partial pressure values at the beginning of each pulse. 
Vial 
PH₂ (atm) 
 1
rst
 pulse 2
nd
 pulse 3
rd
 pulse 
1 - - - 
2 0.46 0.07 0.10 
3 0.54 0.06 0.12 
4 0.50 0.07 0.11 
5 0.47 0.10 0.11 
6 0.48 0.07 0.11 
7 0.53 0.07 0.11 
8 0.52 0.04 0.07 
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Hydrogen was consumed practically on the first three days of each pulse, keeping on 
negligible values for the rest of the assay. This fact shows us the presence of active 
hydrogen-consuming microorganisms.  
 
5.2.5. Sulfide analysis 
 
Sulfide was measured in order to discard the presence of sulfate reducer’s-
microorganisms. Results of sulfide analysis show us the absence of this compound on 
the vials, and consequently the apparently absence of sulfate-reducer’s microorganisms 
that could mask the results.  
 
5.2.6. VFA evolution 
 
Acetate and hydrogen were the single substrates used on this assay, conditioning the 
composition of VFA. It can be noted that the inoculum could have traces of various 
VFA. The only VFA measured apart of acetate was propionate at a concentrations close 
to the detection limit of the chromatograph. Therefore only the evolution of acetate is 
shown in Figures 5.8 and 5.9. 
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Figure 5.8. Evolution of the acetic acid for vials 1 to 4. 
 
 
Figure 5.9. Evolution of the acetic acid for vials 5 to 8. 
 
As can be seen in the previous Figures acetate is consumed without being accumulated, 
indicating an active methanogenic biomass. 
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Acetate decrease with different slopes in the case of vials 1 to 4, and with the same 
slopes in the case of vials 5 to 8. This seems to be the expected since acetate 
consumption rate are acetate-concentration depending. The topics will we discussed 
more thoroughly in the following section.  
 
5.2.7. Methanogenic activities approximation 
 
FA values were taken from equation of Hansen et al., (1998) since it’s the most 
referenced method. The following parameters were used in order to determine the 
methanogenic activities of the inoculum: i) Acetate consumption rate, ii) hydrogen 
consumption rate, iii) methane production rate and iv) S90 values. 
 
i) Acetate consumption rate 
 
On 1
rst
 pulse acetate consumption rate (Figures 5.10 and 5.11) diminish as ammonia 
concentration increases, where the upper rAc was 0.050 gCODAc gVSSd
-1
 found at 1288 
mg NH4
+
-N
 
L
-1
 (vial 4.1) and the lower value was 0.021 gCODAc gVSSd
-1
 found at 2322 
mg NH4
+
-N L
-1
 (vial 8.1). rAc value drop to the half when a concentration around 1500 
mg NH4
+
-N L
-1
 is reached. rAc values for vials 4.1 and 8.1 where 0.052 gCODAc gVSSd
-1
 
and 0.044 gCODAc gVSSd
-1
 at 1256 mg N- NH4
+
-N L
-1
 and 2322 mg NH4
+
-N L
-1
 
respectively.  
 
So, despite on the 2
nd
 pulse the rAc values present a very disperse distribution, in average 
it has increased amenably, and seems to be less sensitive to ammonia than in 1
rst
 pulse. 
Acetate consumption rate values for 3
rd 
pulse were not reliable due to a mistake in the 
determination of acetate.  
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Figure 5.10.  Consumption rates for acetate versus TAN. 
 
 
Figure 5.11.  Consumption rates for acetate versus FA. 
 
The acetate consumption rate referring to the FA concentration gives scarce 
information, because it is not until to the 3
rd
 pulse where FA values suffer a significant 
increase.  
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ii) Hydrogen consumption rate 
 
TAN or FA concentrations did not affect the rH₂ values till concentrations of 2298 mg 
NH4
+
-N
 
L
-1
 and 170 mg NH3-N
 
L
-1 
respectively. In 1
rst
 pulse, the rH₂ values are higher 
than in 2
nd
 and 3
rd
 pulses, with an average of 0.003 gCODH₂ gVSSd
-1
 for 1
rst
 pulse and 
0.001 gCODH₂ gVSSd
-1
 for 2
nd
 and 3
rd
 pulses. rH₂ values for vials 8.1 and 8.2 on 2
nd
 and 
3
rd
 pulses were not taken into account on this average. 
 
From a determined FA concentration there is a clear relationship with rH₂ values and the 
FA concentration, reaching rH₂ values twice higher at 170 mg NH3-N
 
L
-1
.  
 
 
Figure 5.12.  Consumption rates for hydrogen versus TAN. 
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Figure 5.13. Consumption rates for hydrogen versus FA. 
 
iii) Methane production rate 
 
As occurs with the rH₂ values, the methane production rate diminishes from 1
rst
 pulse to 
2
nd
 and 3
rd
 pulses. r’CH₄ value has a scarce relationship between TAN and FA 
concentrations. In the 1
rst
 pulse the upper rAc value was 0.038 gCODCH₄ gVSSd
-1
 found 
at 1288 mg NH4
+
-N
 
L
-1
 (vial 4.1) and the lower value was 0.013 gCODCH₄ gVSSd
-1
 
found at 1669 mg NH4
+
-N L
-1
 (vial 8.1).   
 
For pulses 2
nd
 and 3
rd
 pulses seem to be a increase on the r’CH₄ values on the overall 
situations, with r’CH₄ values on 2
nd
 pulse around 0.009 gCODCH₄ gVSSd
-1
 and values for 
3
rd
 pulse around 0.010 gCODCH₄ gVSSd
-1
,  representing the third of the r’CH₄ values in 
1
rst
 pulse.  
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Figure 5.14.  Production rates for methane versus TAN. 
 
 
Figure 5.15.  Production rates for methane versus FA.
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iv) S90 values for 1
rst
 and 2
nd
 pulses 
 
As the ammonia concentration values did not have a significant shift from 1
rst
 to 2
nd
 
pulses, the values used to compare the S90,Ac and S90,H₂ values were taken from the 1
rst
 
pulse. Values of S90,Ac and S90,H₂ for 3
rd
 pulse were not taken into account since the 
interval of sample time were not sufficient dense.  
 
As we can see in the Figure 5.16, the S90,Ac values increase from 1
rst
 to 2
nd
 pulse except 
for vials 7.1 and 8.1 with 1932 and 2322 mg NH4
+
-N L
-1
 respectively. Exists a 
increment of S90,Ac values in the 1
rst
 pulse while the ammonia concentration increase, 
with values of about 8±1 days for concentrations from 687 to 1256 mg NH4
+
-N L
-1
 and 
S90,Ac values of around 11±1,5 days for concentrations from 1587 to 2322 mg NH4
+
-N L
-
1
. In the case of 2
nd
 pulse S90,Ac values keep almost constant around 11.3 ± 1.5 and 13.8 
± 1 days.  
 
 
Figure 5.16. S90,Ac values for 1
rst
 and 2
nd
 pulses. 
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For S90,H₂ values we see a uniform distribution with the same values in 1
rst
 and 2
nd
 
pulses, around 4.3±1.5 days at any ammonia concentration. It is not possible to affirm 
that were not changes on the S90,H₂ values between 1
rst 
 and 2
nd
 pulses, since the 
hydrogen is consumed quickly on the first days of the assay and the sampling scale of 
time is higher than this consumption rate.  
 
 
Figure 5.17. S90,H₂ values for 1
rst
 and 2
nd
 pulses. 
 
5.2.8. COD balance 
 
Performing a COD balance between the total initial COD of each vial (CODt) and the 
COD recovered as methane (CODCH₄) it is possible to estimate the COD of the grown 
biomass (CODx). Since stoichiometry of acetoclastic and hydrogenotrophic 
methanogenesis indicates that the COD of the substrate (CODAc and/or CODH₂) is 
transformed into COD of biomass (CODx = Y kg COD biomass per kg COD of 
substrate) and COD of methane (CODCH₄ = (1-Y) kg COD methane per kg COD 
substrate), knowing the yield value Y, the CODx value can be estimated: 
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      (5.1) 
 
Y values are different depending of the methanogenesis pathway, being     
    
     
      
 , and          
     
      
 (Batstone et al., 2002).  Since the main fraction of 
the input COD is acetate (see Tables 5.8 and 5.9), YAc value will be adopted for the 
estimation of CODx. 
 
COD balances were carried out for 1
rst
 and 2
nd
 pulses only (Table 5.8 and 5.9 
respectively) because measured VFA values were not reliable during the 3
rd
 pulse.  
 
Table 5.8. 1
rst
 pulse COD balances. 
 
 
 
Input COD Output COD 
Output 
COD not 
explained 
Vial 
NH4
+
-N 
(mg L
-1
) 
CODt 
(gCOD) 
CODAc 
(%) 
CODH₂ 
(%) 
CODCH₄ 
(%) 
CODx 
(%) 
COD 
 (%) 
1.1 661 - - - - - - 
1.2 665 - - - - - - 
2.1 832 0,76 90 10 97 7 - 
2.2 891 0,77 90 10 100 7 - 
3.1 1018 1,35 94 6 108 7 - 
3.2 1034 1,57 94 6 92 6 2 
4.1 1282 2,47 97 3 78 5 17 
4.2 1288 2,07 96 4 110 6 - 
5.1 716 2,64 97 3 82 5 13 
5.2 703 2,75 97 3 66 4 30 
6.1 1757 2,74 97 3 79 5 16 
6.2 1669 2,74 97 3 73 4 23 
7.1 1972 2,53 97 3 80 5 15 
7.2 1972 2,66 97 3 83 5 12 
8.1 2392 2,65 97 3 76 5 19 
8.2 - - - - - - - 
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Table 5.9. 2
nd
 pulse COD balances.  
 
 
 
Input COD Output COD 
Output 
COD not 
explained 
Vial 
NH4
+
-N 
(mg L
-1
) 
CODt 
(gCOD) 
CODAc 
(%) 
CODH₂ 
(%) 
CODCH₄ 
(%) 
CODx 
(%) 
COD 
 (%) 
1.1 673 - - - - - - 
1.2 638 - - - - - - 
2.1 837 0,64 97 3 115 8 - 
2.2 860 0,61 97 3 117 8 - 
3.1 969 1,35 98 2 105 6 - 
3.2 1004 1,45 99 1 95 6 1 
4.1 1244 2,80 99 1 70 4 26 
4.2 1256 2,80 99 1 67 4 29 
5.1 687 2,81 99 1 62 4 34 
5.2 701 2,77 99 1 69 4 27 
6.1 1595 2,05 99 1 79 5 16 
6.2 1587 2,50 99 1 59 4 37 
7.1 1932 2,15 99 1 81 5 14 
7.2 1915 2,18 99 1 90 5 5 
8.1 2322 1,92 99 1 35 2 63 
8.2 2322 1,92 100 1 35 2 65 
 
It can be appreciated at Tables 5.8, that the COD recovered as methane tends to 
decrease and the not explained COD tends to increase when ammonia/ammonium 
increases. It is difficult to explain this result, considering that remained acetate was not 
detected in vials at the end of every experiment. Although experimental errors can be 
considered, the general tendency indicates a possible alternative pathway for the acetate 
consumption when the biological system is stressed by the ammonia increase. Since 
evidences were not found about other possible acetate consumption routes not addressed 
to methane production, measurement errors for some vials could be assumed, making 
the results obtained from these ones doubtable.   
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5.2.9. Overall results 
 
In this section the overall results are discussed in order to see their interactions. Since 
the inoculum is likely to have presented in the past SAO activity, the acetoclastic 
population must present a low activity and the hydrogenotrophic population had to be 
very active.  
 
To contrast this hypothesis, Figure 5.18 represents the evolution of rAc, rH₂ and r’CH₄ 
mean values for the overall conditions of each pulse in a qualitative way. 
 
 
Figure 5.18. rAc, rH₂ and r’CH₄ mean values evolution represented in a qualitative way. 
 
An increase in rAc values along the assay is appreciated in Figure 5.18, indicating an 
increase in the aceticlastic population concentration. This population becomes very 
sensitive to high ammonia concentrations on the 1
rst
 pulse, a consistent result with 
results of Angelidaki & Ahring (1993), who found an inhibition effect of this population 
at a concentrations of 1500-3000 mg NH4
+
-N L
-1
.  
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Another plausible explanation is that this population had relatively low concentration at 
the beginning, as a result of the history of the inoculum, in which the SAO population 
was favored, in an opposite way of the aceticlastic one. 
 
Hydrogenotrophic activity presents a decrease, probably due to a high initial 
hydrogenotrophic population, previously favored by SAO activity, since SAO 
microorganism produce H2. The increase of the aceticlatic activity and the simultaneous 
decrease of the hydrogenotrophic activity could be explained by an inoculum which 
origin is a digester where hydrogenotrophic activity is favored over the aceticlastic 
activity, suggesting SAO activity. 
 
Methanogenic activity evolution is consistent with the evolution of the two other 
activities, since methane production rate is the results of acetate and hydrogen 
consumption rates.  For both S90 values, we can’t take reliable information since the 
interval of sampling time were not enough dense to determine them.  
 
5.3. EA results and discussion 
 
As we described in Section 4.4.2, only the production of biogas was measured in this 
assay. Methanogenic activity was not observed during the 40 days of follow-up of the 
vials (see Annex). Therefore, it was decided to stop the test after 7 weeks.  
 
This absence in methanogenic activity is due to the inoculum storage conditions. As 
featured above (section 4.3) this inoculum proceeded from Uppsala (Sweden) and was 
stored in freezer for 1 year and a half, causing a temperature shock on microorganisms.   
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6. Conclusions 
 
In this study it has been tested the feasibility to characterize a mesophilic anaerobic 
inoculum by means of methanogenic activity tests. From the results we have seen the 
changes on the methanogenic activity of the inoculum incubated at 37 ºC during 140 
days under strict anaerobic conditions. Initially, the inoculum presents a high 
hydrogenotrophic activity and a low aceticlastic activity. After submitting the inoculum 
to stress conditions by low nitrogen concentrations (661 mg NH4
+
-N L
-1
 to 2392 mg 
NH4
+
-N L
-1
) a strong change on the methanogenic activity was observed. The 
hydrogenotrophic activity presents a decrease of approximately three times at the end of 
the assay and the aceticlastic activity shows a slight increase along the assay. 
 
Therefore, considering that the inoculum came from a reactor characterized by a 
retention time of 65 days, fed with protein-rich wastes and operated with high content of 
ammonia nitrogen, results obtained support the hypothesis that the reactor presented 
SAO activity. 
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7. Suggestions for further research  
 
Although the results described in this thesis contribute to the general know-how of the 
anaerobic digestion process and the objectives were fulfilled satisfactorily, some aspects 
have to be taken into account about future studies on this subject. 
 
Further studies are needed to improve the knowledge about which are the metabolic 
pathways involved on the methane production under high ammonia concentration 
conditions. The use of acetate labeled must be useful in order to detect whether SAO 
activity exists and might offer new insights on the diverse behaviors. Also, to improve 
the method used, further assays might use complex nitrogenous compounds (such as 
gelatin) instead of ammonium chloride in order to avoid the possible inhibition caused 
by high chloride concentrations on the vials.  
 
Other improvement could be to use a smaller time interval on the dense sampling region 
time, in order to get more reliability on the activity estimations. Also, further assays 
must work with higher ammonia concentrations in order to promote SAO activity. 
 
Despite these improvements and proposals for future research, it is also appropriate to 
suggest that it would be very interesting to determine the kinetic coefficients of the 
evolved microorganism populations. Therefore, the research line remains open, in 
which it would be interesting to continue working in order to improve the understanding 
of the anaerobic digestion process under ammonia inhibition. 
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9. Annex 
 
Annex A. Composition of macronutrients and micronutrients solutions. 
 
Table A.1. Macronutrients solution 
 Component Concentration (g L
-1
) 
Solution 1 NH4Cl 17.00 
Solution 2 K2HPO4 3.70 
Solution 3 MgSO4 0.56 
Solution 4 CaCl2·2H2O 0.80 
 
 
 
 
Table A.2. Micronutrients solution 
 Component Concentration (g L
-1
) 
Solution 5 
FeCl2·4H2O 2.00 
H3CO3 0.05 
ZnSO4·H2O 0.07 
CuCl2·2H2O 0.04 
MnCl2·4H2O 0.05 
(NH4)6Mo7O2·4H2O 0.05 
CoCl2·6H2O 0.05 
NiCl2·6H2O 0.09 
EDTA 0.50 
HCl 36% 1 mL L
-1
 
Na2SeO3 0.07 
Resazurin 0.50 
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Annex B. Assay preparation tables 
 
Table B1. Theoretical values of MAT preparation on1
rst
 pulse.
Vial Id. Number 
 
 
Vial 
Tare 
 (g) 
Sodium acetate 
(g) 
NH4Cl 
(g) 
H2 
(mL) 
NH4Cl 
(g) 
Macros 
(g) 
Micro 
(g) 
KH2PO4 
(g) 
K2HPO4 
(g) 
Inoculum 
(g) 
H2O 
(g) 
Vial final 
(g) 
Gas 
(mL) 
I2-11 1 
 
- - - - 7.00 21.00 0.70 6.01 18.08 98.00 573 700.00 500.00 
I2-12 2 
 
- - - - 7.00 21.00 0.70 6.01 18.08 98.00 573 700.00 500.00 
I2-21 3 
 
- 0.97 27.70 50.00 7.00 21.00 0.70 6.01 18.08 98.00 546 700.00 500.00 
I2-22 4 
 
- 0.97 27.70 50.00 7.00 21.00 0.70 6.01 18.08 98.00 546 700.00 500.00 
I2-31 5 
 
- 2.02 57.00 50.00 7.00 21.00 0.70 6.01 18.08 98.00 516 700.00 500.00 
I2-32 6 
 
- 2.02 57.00 50.00 7.00 21.00 0.70 6.01 18.08 98.00 516 700.00 500.00 
I2-41 7 
 
- 3.07 101.20 50.00 7.00 21.00 0.70 6.01 18.08 98.00 472 700.00 500.00 
I2-42 8 
 
- 3.07 101.20 50.00 7.00 21.00 0.70 6.01 18.08 98.00 472 700.00 500.00 
I2-51 9 
 
- 3.07 7.20 50.00 7.00 21.00 0.70 6.01 18.08 98.00 566 700.00 500.00 
I2-52 10 
 
- 3.07 7.20 50.00 7.00 21.00 0.70 6.01 18.08 98.00 566 700.00 500.00 
I2-61 11 
 
- 3.07 160.00 50.00 7.00 21.00 0.70 6.01 18.08 98.00 413 700.00 500.00 
I2-62 12 
 
- 3.07 160.00 50.00 7.00 21.00 0.70 6.01 18.08 98.00 413 700.00 500.00 
I2-71 13 
 
- 3.07 219.00 50.00 7.00 21.00 0.70 6.01 18.08 98.00 354 700.00 500.00 
I2-72 14 
 
- 3.07 219.00 50.00 7.00 21.00 0.70 6.01 18.08 98.00 354 700.00 500.00 
I2-81 15 
 
- 3.07 277.60 50.00 7.00 21.00 0.70 6.01 18.08 98.00 296 700.00 500.00 
I2-82 16 
 
- 3.07 277.60 50.00 7.00 21.00 0.70 6.01 18.08 98.00 296 700.00 500.00 
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Table B2. Experimental values of MAT preparation on1
rst
 pulse. 
 
Vial Id. Number 
 
 
Vial 
Tare 
 (g) 
Sodium acetate 
(g) 
NH4Cl 
(g) 
H2 
(mL) 
NH4Cl 
(g) 
Macros 
(g) 
Micro 
(g) 
KH2PO4 
(g) 
K2HPO4 
(g) 
Inoculum 
(g) 
H2O 
(g) 
Vial final 
(g) 
Gas 
(mL) 
I2-11 1 
 
619.04 - - - 6.99 20.99 0.72 6.01 18.09 98.04 572.99 699.73 500.27 
I2-12 2 
 
619.99 - - - 6.99 21.07 0.68 6.00 18.10 98.71 573.01 700.46 499.54 
I2-21 3 
 
618.47 0.97 27.70 50 7.01 21.05 0.74 6.01 18.07 98.00 546.00 700.50 499.50 
I2-22 4 
 
616.09 0.97 27.70 50 7.01 21.01 0.70 6.00 18.06 98.08 546.03 700.53 499.47 
I2-31 5 
 
615.00 2.03 57.00 50 7.01 20.96 0.70 6.00 18.07 97.97 516.05 699.69 500.31 
I2-32 6 
 
615.42 2.03 56.99 50 7.06 21.03 0.70 5.99 18.67 98.03 516.05 699.86 500.14 
I2-41 7 
 
617.51 3.08 101.19 50 7.02 21.03 0.69 6.01 18.08 97.96 472.00 699.89 500.11 
I2-42 8 
 
617.90 3.09 101.17 50 7.00 21.46 0.70 6.01 18.10 97.97 471.98 700.28 499.72 
I2-51 9 
 
616.54 3.10 7.18 50 7.03 20.99 0.70 6.00 18.06 98.01 566.01 699.92 500.08 
I2-52 10 
 
618.49 3.11 7.19 50 6.99 21.09 0.68 6.00 18.09 98.03 566.03 700.01 499.99 
I2-61 11 
 
622.31 3.06 160.02 50 7.01 21.01 0.70 6.01 18.06 98.01 412.99 699.74 500.26 
I2-62 12 
 
613.96 3.06 160.00 50 7.01 21.02 0.70 6.01 18.07 98.46 412.99 700.18 499.82 
I2-71 13 
 
618.99 3.08 219.03 50 7.00 21.00 0.70 6.02 18.10 98.01 354.03 699.77 500.23 
I2-72 14 
 
619.31 3.07 219.00 50 7.01 21.00 0.71 6.01 18.09 98.19 354.03 699.94 500.06 
I2-81 15 
 
616.52 3.06 277.66 50 6.99 21.03 0.68 6.02 18.07 98.04 296.05 700.45 499.55 
I2-82 16 
 
- - - - - - - - - - - - - 
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Table B3. Theoretical values of MAT preparation on 2
nd 
pulse. 
Vial Id. Number 
 
 
Vial 
Tare 
(g) 
Sodium acetate 
(g) 
NH4Cl 
(g) 
H2 
(mL) 
NH4Cl 
(g) 
Macros 
(g) 
Micro 
(g) 
KH2PO4 
(g) 
K2HPO4 
(g) 
Inoculum 
(g) 
H2O 
(g) 
Vial final 
(g) 
Gas 
(mL) 
I2-11 1 
 
681.33 - - - - - - - - - - 681 519 
I2-12 2 
 
681.66 - - - - - - - - - - 682 518 
I2-21 3 
 
681.90 0.97 - 50.00 - - - - - - - 683 517 
I2-22 4 
 
681.93 0.97 - 50.00 - - - - - - - 683 517 
I2-31 5 
 
680.69 2.02 - 50.00 - - - - - - - 683 517 
I2-32 6 
 
680.86 2.02 - 50.00 - - - - - - - 683 517 
I2-41 7 
 
681.69 3.07 - 50.00 - - - - - - - 685 515 
I2-42 8 
 
682.08 3.07 - 50.00 - - - - - - - 685 515 
I2-51 9 
 
682.12 3.07 - 50.00 - - - - - - - 685 515 
I2-52 10 
 
681.81 3.07 - 50.00 - - - - - - - 685 515 
I2-61 11 
 
681.74 3.07 - 50.00 - - - - - - - 685 515 
I2-62 12 
 
681.38 3.07 - 50.00 - - - - - - - 684 516 
I2-71 13 
 
683.17 3.07 - 50.00 - - - - - - - 686 514 
I2-72 14 
 
682.94 3.07 - 50.00 - - - - - - - 686 514 
I2-81 15 
 
681.65 3.07 - 50.00 - - - - - - - 685 515 
I2-82 16 
 
- - - - - - - - - - - - - 
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Table B4. Experimental values of MAT preparation on 2
nd 
pulse. 
Vial Id. Number 
 
 
Vial 
Tare 
(g) 
Sodium acetate 
(g) 
NH4Cl 
(g) 
H2 
(mL) 
NH4Cl 
(g) 
Macros 
(g) 
Micro 
(g) 
KH2PO4 
(g) 
K2HPO4 
(g) 
Inoculum 
(g) 
H2O 
(g) 
Vial final 
(g) 
Gas 
(mL) 
I2-11 1 
 
681.33                    -      -              -      - - - - - - - 681 519 
I2-12 2 
 
681.66                    -      -              -      - - - - - - - 681 518 
I2-21 3 
 
681.90                 0.97    -        50.00    - - - - - - - 683 517 
I2-22 4 
 
681.93                 0.97    -        50.00    - - - - - - - 683 517 
I2-31 5 
 
680.69                 2.03    -        50.00    - - - - - - - 683 517 
I2-32 6 
 
680.86                 2.03    -        50.00    - - - - - - - 683 517 
I2-41 7 
 
681.69                 3.07    -        50.00    - - - - - - - 685 515 
I2-42 8 
 
682.08                 3.07    -        50.00    - - - - - - - 685 515 
I2-51 9 
 
682.12                 3.09    -        50.00    - - - - - - - 685 515 
I2-52 10 
 
681.81                 3.09    -        50.00    - - - - - - - 685 515 
I2-61 11 
 
681.74                 3.08    -        50.00    - - - - - - - 685 515 
I2-62 12 
 
681.38                 3.07    -        50.00    - - - - - - - 684 516 
I2-71 13 
 
683.17                 3.07    -        50.00    - - - - - - - 686 514 
I2-72 14 
 
682.94                 3.07    -        50.00    - - - - - - - 686 514 
I2-81 15 
 
340.83                 3.07    -        50.00    - - - - - - - 345 856 
I2-82 16 
 
340.83                 3.07    -        50.00    - - - - - - - 345 856 
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Table B5. Theoretical values of MAT preparation on 3
rd 
pulse. 
Vial Id. Number 
 
 
Vial 
Tare 
(g) 
Sodium acetate 
(g) 
NH4Cl 
(g) 
H2 
(mL) 
NH4Cl 
(g) 
Macros 
(g) 
Micro 
(g) 
KH2PO4 
(g) 
K2HPO4 
(g) 
Inoculum 
(g) 
H2O 
(g) 
Vial final 
(g) 
Gas 
(mL) 
I2-11 1 
 
645.53 - - - - - - - - - - 646 554 
I2-12 2 
 
646.06 - - - - - - - - - - 646 554 
I2-21 3 
 
647.27 0.97 - 50.00 - - - - - - - 648 552 
I2-22 4 
 
643.70 0.97 - 50.00 - - - - - - - 645 555 
I2-31 5 
 
645.52 2.02 - 50.00 - - - - - - - 648 552 
I2-32 6 
 
647.29 2.02 - 50.00 - - - - - - - 649 551 
I2-41 7 
 
650.16 3.07 - 50.00 - - - - - - - 653 547 
I2-42 8 
 
650.35 3.07 - 50.00 - - - - - - - 653 547 
I2-51 9 
 
649.61 3.07 - 50.00 - - - - - - - 653 547 
I2-52 10 
 
649.50 3.07 - 50.00 - - - - - - - 653 547 
I2-61 11 
 
649.22 3.07 - 50.00 - - - - - - - 652 548 
I2-62 12 
 
648.85 3.07 - 50.00 - - - - - - - 652 548 
I2-71 13 
 
651.04 3.07 - 50.00 - - - - - - - 654 546 
I2-72 14 
 
651.01 3.07 - 50.00 - - - - - - - 654 546 
I2-81 15 
 
308.10 3.07 - 50.00 - - - - - - - 311 889 
I2-82 16 
 
308.10 3.07 - 50.00 - - - - - - - 311 889 
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Table B6. Experimental values of MAT preparation on 3
rd 
pulse. 
Vial Id. Number 
 
 
Vial 
Tare 
(g) 
Sodium acetate 
(g) 
NH4Cl 
(g) 
H2 
(mL) 
NH4Cl 
(g) 
Macros 
(g) 
Micro 
(g) 
KH2PO4 
(g) 
K2HPO4 
(g) 
Inoculum 
(g) 
H2O 
(g) 
Vial final 
(g) 
Gas 
(mL) 
I2-11 1 
 
645.53 - - - - - - - - - - 646 554 
I2-12 2 
 
646.06 - - - - - - - - - - 646 554 
I2-21 3 
 
647.27 0.97 - 50.00 - - - - - - - 648 552 
I2-22 4 
 
643.70 0.97 - 50.00 - - - - - - - 645 555 
I2-31 5 
 
645.52 2.02 - 50.00 - - - - - - - 648 552 
I2-32 6 
 
647.29 2.02 - 50.00 - - - - - - - 649 551 
I2-41 7 
 
650.16 3.07 - 50.00 - - - - - - - 653 547 
I2-42 8 
 
650.35 3.07 - 50.00 - - - - - - - 653 547 
I2-51 9 
 
649.61 3.07 - 50.00 - - - - - - - 653 547 
I2-52 10 
 
649.50 3.08 - 50.00 - - - - - - - 653 547 
I2-61 11 
 
649.22 3.07 - 50.00 - - - - - - - 652 548 
I2-62 12 
 
648.85 3.07 - 50.00 - - - - - - - 652 548 
I2-71 13 
 
651.04 3.07 - 50.00 - - - - - - - 654 546 
I2-72 14 
 
651.01 3.08 - 50.00 - - - - - - - 654 546 
I2-81 15 
 
308.10 3.07 - 50.00 - - - - - - - 311 889 
I2-82 16 
 
308.10 3.07 - 50.00 - - - - - - - 311 889 
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Table B7. Theoretical values of EA preparation. 
 
 
 
 
 
 
 
Table B8. Experimental values of EA preparation. 
 
Vial Id. Number 
 
 
Vial 
Tare 
(g) 
Sodium acetate 
(g) 
NH4Cl 
(g) 
H2 
(mL) 
NH4Cl 
(g) 
Macros 
(g) 
Micro 
(g) 
KH2PO4 
(g) 
K2HPO4 
(g) 
Inoculum 
(g) 
H2O 
(g) 
Vial final 
(g) 
Gas 
(mL) 
I1-1 1 
 
- 0.31 20.00 - 0.70 2.10 0.07 0.60 1.81 48.00 0 70.87 49.13 
I1-2 2 
 
- 0.31 20.00 - 0.70 2.10 0.07 0.60 1.81 48.00 0 70.87 49.13 
I1-3 3 
 
- 0.31 20.00 - 0.70 2.10 0.07 0.60 1.81 48.00 0 70.87 49.13 
I1-4 4 
 
- 0.31 20.00 - 0.70 2.10 0.07 0.60 1.81 48.00 0 70.87 49.13 
Vial Id. Number 
 
 
Vial 
Tare 
(g) 
Sodium acetate 
(g) 
NH4Cl 
(g) 
H2 
(mL) 
NH4Cl 
(g) 
Macros 
(g) 
Micro 
(g) 
KH2PO4 
(g) 
K2HPO4 
(g) 
Inoculum 
(g) 
H2O 
(g) 
Vial final 
(g) 
Gas 
(mL) 
I1-1 1 
 
91.57 0.31 20.00 - 0.69 2.10 0.06 0.60 1.81 47.99 - 70.84 49.16 
I1-2 2 
 
86.09 0.31 20.02 - 0.70 2.11 0.08 0.60 1.81 47.99 - 70.90 49.10 
I1-3 3 
 
92.27 0.33 20.00 - 0.70 2.09 0.07 0.60 1.81 48.06 - 70.92 49.08 
I1-4 4 
 
88.46 0.31 20.00 - 0.70 2.12 0.09 0.60 1.81 48.18 - 71.09 48.91 
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Annex C. Assay sampling calendars. 
 
Table C.1 . Inoculum number 2 calendar sampling for 1
st
 pulse. 
 
 
 
 
 
 
 
 
 
 
Table C.2. Inoculum number 2 calendar sampling for 2
nd
 pulse. 
 Monday Tuesday Wednesday Thursday Friday 
Week 1
 
- 
10/12/13 
T0; 12:00 h 
T1; 18:00 h 
11/12/13 
T2; 08:00 h 
T3; 15:00 h 
12/12/13 
T4; 08:00 h 
13/12/13 
T5; 08:00 h 
Week 2 
16/12/13 
T6; 08:00 h 
- 
18/12/13 
T7; 08:00 h 
- 
20/12/13 
T8; 08:00 h 
Week 3 
23/12/13 
T9; 08:00 h 
- - - 
27/12/13 
T10; 08:00 h 
Week 4 
30/12/13 
T11; 08:00 h 
- - - 
03/01/14 
T12; 08:00 h 
Week 7  
21/01/14 
T13; 08:00 h 
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 Monday Tuesday Wednesday Thursday Friday 
Week 7 - 
21/01/14 
T14; 08:00 h 
T15; 15:00 h 
22/01/14 
T16; 08:00 h 
T17; 15:00 h 
23/01/14 
T18; 08:00 h 
24/01/14 
T19; 08:00 h 
Week 8 
27/01/14 
T20; 08:00 h 
- 
29/01/14 
T21; 08:00 h 
- 
31/01/14 
T22; 08:00 h 
Week 9 
03/02/14 
T23; 08:00 h 
- 
05/02/14 
T24; 08:00 h 
- 
07/02/14 
T25; 08:00 h 
Week 10 
10/02/14 
T26; 08:00 h 
- - - 
14/02/14 
T27; 08:00 h 
Week 11 - - 
19/02/14 
T28; 08:00 h 
- - 
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Table C.3. Inoculum number 2 calendar sampling for 3
rd
 pulse. 
 
 
 
 
 
 
 
 
 
 
 
 Monday Tuesday Wednesday Thursday Friday 
Week 15 - 
18/03/14 
T29; 08:00 h 
T30; 15:00 h 
- - - 
Week 16 - 
25/03/14 
T31; 08:00 h  
- - - 
Week 17 - 
01/04/14 
T32; 08:00 h 
- - - 
Week 18 - 
08/04/14 
T33; 08:00 h 
- - - 
Week 19 - 
15/04/14 
T34; 08:00 h 
- - - 
Week 20 - - - 
T35; 10:00 h 
24/04/14 
- 
Week 21 - 
T36; 10:00 h 
29/04/14 
- - - 
